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Abstract

Fibre Reinforced Polymer (FRP) has been demonstrated as an excellent material to
strengthen existing structures. However, the confinement efficiency of FRP-confined
square columns is relatively low compared to circular columns due to stress
concentration at the sharp corners. This study presents a new technique aimed to
maximise the efficiency of FRP confinement of square concrete columns. This new
method is circularisation by using segmental circular concrete covers which changes
the cross section of the column from a square to a circle. Moreover, steel straps were
used as an alternative confining material and incorporated in the study to evaluate their
performance.

Sixteen square reinforced concrete columns were cast and tested. Four specimens were
used as a reference group; four specimens were rounded 20 mm at each corner and
wrapped with three layers of CFRP simulating the conventional methods; the
remaining eight specimens were bonded with four pieces of segmental circular
concrete covers simulating the proposed technique, after which four specimens were
wrapped with three layers of CFRP and the other four were confined with steel straps.
From each group, one column was tested under concentric loading, one at 15 mm
eccentricity, one at 25 mm eccentricity and the last specimen was tested under flexural
loading. The failure mechanisms of each specimen were analysed and the load deflection diagrams and axial load - bending moment diagrams were generated and
evaluated.

Followed by the experimental program, a theoretical study was carried out. An
analytical model was first introduced to evaluate the stress - strain relationships of the
unconfined and confined concrete columns. After that, a process was proposed to
calculate the ultimate axial load and bending moment of the columns at different
iii

eccentricities and generate the theoretical axial load - bending moment diagrams. The
theoretical values were then compared with the experimental data and good agreement
was found.

Results of the experimental program and the theoretical study showed that
circularisation significantly increases the efficiency of the FRP confinement compared
to conventional methods which round the sharp corners. FRP-confined circularised
columns exhibited higher ultimate load but lower ductility compared to normal
FRP-confined columns. The bond between the segmental circular concrete covers and
the original columns was found to be reliable and the modified columns can be treated
as complete circular columns. It is therefore concluded that the circularisation process
is viable and effective in maximising the confining efficiency of FRP-confined square
concrete columns. Meanwhile, steel straps had been demonstrated as an alternate
confining material by providing moderate increase in ductility. Therefore, steel straps
can be used for ductility strengthening.

iv

To my wife,
Qian Wang

v

Acknowledgement
First of all, I am extremely grateful to my research supervisor and mentor, Associated
Professor Muhammad Hadi, for his patience, guidance and constant encouragement. I
would also like to extend my appreciation to him for providing me the opportunities to
participate in the research activities amongst an outstanding research group, and for
mentoring me to become a mature researcher. He had made my study experience in the
university memorable and incredible.

I wish to extend my gratitude to Mr Minh Thong Pham, PhD scholar, for participating
in the whole experimental program. He provided tremendous suggestions, options and
contribution to the success of the experimental program, as well as insightful
evaluation on the theoretical study. His contribution is greatly appreciated. Meanwhile,
I would like to thank Mr Ida Bagus Rai Widiarsa, PhD scholar, for designing the
loading heads used in the experimental program and participating in discussion and
consultation during the experimental process. His help is appreciated.

I would also like to thank Mr Fernando Escribano, the chief technical officer, who had
provided unparalleled assistance and advice during the experimental program. His
contribution is greatly appreciated. The other technical officers in the Engineering
Laboratory, Mr Alan Grant, Mr Rick McLean and Mr Wayne Ireland, had provided
necessary help during the experimental program, their assistance is also acknowledged.

Last but not least, I would like to thank my wife for supporting me during my study,
and providing endless love and encouragement whenever I need, without which my
achievements would have never been able to be accomplished.

vi

Publication List
Conference Paper

Lei, X, Pham, MT & Hadi, MNS 2012, ‘Comparative Behaviour of FRP Confined
Square Concrete Columns under Eccentric Loading’, The 6th International Conference
on Bridge Maintenance, Safety and Management, Lake Como, Italy, 8th -12th July
2012. Letter of acceptance received on 25/02/2012.

Lei, X., Pham, MT & Hadi, MNS 2012, ‘Behaviour of CFRP Wrapped Square RC
Columns under Eccentric Loading’, submitted to The 6th Australasian Structural
Engineering Conference, Perth, Australia, 11th -13th July, 2012.

Pham, MT, Lei, X & Hadi, MNS 2012, ‘Effect of eccentric load on modified
reinforced concrete columns confined with FRP’, submitted to 22nd Australasian
Conference on the Mechanics of Structures and Materials, Sydney, Australia, 11th
-14th December, 2012.

Journal Paper

Hadi, MNS, Pham, MT & Lei, X 2012, ‘Modification of Square Reinforced Concrete
Columns with Segmental Circular Concrete Cover for FRP-confinement’, submitted to
Journal of Composite for Construction (ASCE).

vii

Table of Content
Abstract .............................................................................................................................................. iii
Acknowledgement ............................................................................................................................. vi
Publication List ................................................................................................................................ vii
Table of Content .............................................................................................................................. viii
List of Tables ........................................................................................................................................x
List of Figures .................................................................................................................................... xi
Chapter 1 Introduction .......................................................................................................................1
1.1 Background .............................................................................................................................1
1.2 Research Significance .............................................................................................................2
1.3 Research Objectives and Scope...............................................................................................4
1.4 Organisation of the Thesis .......................................................................................................5
Chapter 2 Literature Review..............................................................................................................6
2.1 General ....................................................................................................................................6
2.2 Strengthening existing concrete columns using concrete covers ............................................6
2.3 Strengthening existing concrete columns using steel plates....................................................8
2.4 Experimental Study of FRP-confined concrete columns ...................................................... 11
2.4.1 Circular concrete columns ..........................................................................................11
2.4.2 Rectangular/square concrete columns ........................................................................15
2.5 Theoretical Study of FRP-confined concrete columns ..........................................................17
2.6 Study of concrete columns externally confined with other materials ...................................19
2.7 Studies of shape modification for concrete columns .............................................................21
2.8 Summary ...............................................................................................................................23
Chapter 3 Experimental Program ...................................................................................................25
3.1 General ..................................................................................................................................25
3.2 Design of Specimens .............................................................................................................25
3.3 Test Configuration .................................................................................................................26
3.4 Formwork Setup ....................................................................................................................29
3.5 Preparation of Specimens ......................................................................................................30
3.5.1 Circularisation Process ...............................................................................................32
3.5.2 Construction of External Confinement.......................................................................33
3.5.3 Modification of specimens in reference group ...........................................................33
3.6 Preliminary Tests ...................................................................................................................35
3.7 Configuration of the Loading System ...................................................................................37
3.8 Summary ...............................................................................................................................41
Chapter 4 Experimental Results and Analysis ...............................................................................42
4.1 General ..................................................................................................................................42
4.2 Specimens under concentric loading .....................................................................................42
4.2.1 Failure mechanism .....................................................................................................42
4.2.2 Test Results.................................................................................................................45
4.2.3 Load-deflection diagram ............................................................................................45
4.3 Specimens under eccentric loading .......................................................................................46
viii

4.3.1 Failure mechanisms ....................................................................................................47
4.3.2 Test results ..................................................................................................................48
4.3.3 Load-deflection diagram ............................................................................................51
4.4 Specimens under flexural tests ..............................................................................................52
4.4.1 Failure mechanism .....................................................................................................52
4.4.2 Test results ..................................................................................................................53
4.4.3 Load-midspan deflection diagram ..............................................................................55
4.5 Axial load – bending moment interaction diagram ...............................................................56
4.6 Ductility.................................................................................................................................59
4.7 Summary ...............................................................................................................................60
Chapter 5 Theoretical Analysis ........................................................................................................61
5.1 General ..................................................................................................................................61
5.2 Stress-strain behaviour of unconfined and confined concrete ...............................................61
5.2.1 Confinement model for FRP-confined concrete columns ..........................................63
5.2.2 Confinement model for steel straps confined concrete columns ................................64
5.3 Axial load (P) – bending moment (M) diagram ....................................................................66
5.3.1 Point A: Squash load ..................................................................................................67
5.3.2 Point B and C: 15 mm and 25 mm eccentricity..........................................................67
5.3.3 Point D: pure bending ................................................................................................71
5.4 Validation with experimental results .....................................................................................71
5.5 Summary ...............................................................................................................................73
Chapter 6 Discussion and Conclusion .............................................................................................75
6.1 General ..................................................................................................................................75
6.2 Effect of circularisation .........................................................................................................75
6.3 Performance of steel straps confinement...............................................................................78
6.4 Influence of eccentricity ........................................................................................................79
6.5 Conclusions ...........................................................................................................................80
6.6 Future research ......................................................................................................................82
List of References ..............................................................................................................................84
Appendix ............................................................................................................................................92

ix

List of Tables

Table 3.1 Test matrix.................................................................................................27
Table 3.2 Results of the flat coupon tests for CFRP..................................................37
Table 3.3 Results of the flat coupon tests for Steel straps.........................................37
Table 4.1 Summary of test results of concentrically loaded specimens....................45
Table 4.2 Summary of test results of eccentrically loaded specimens......................48
Table 4.3 Summary of test results of specimens under flexural tests........................53
Table 4.4 Summary of test results for P-M diagram..................................................58
Table 4.5 Ductility of the specimens......................................................................... 59
Table 5.1 Summary of theoretical results.................................................................. 71
Table 6.1 Total cost associated with circularisation process.........................................77

x

List of Figures

Figure 3.1 Cross-sections of specimens.........................................................................28
Figure 3.2 Elevation views of specimens......................................................................28
Figure 3.3 Special foams for segmental circular concrete covers.................................29
Figure 3.4 Details of the formworks..............................................................................30
Figure 3.5 Placement of reinforcement into the formwork...........................................31
Figure 3.6 Details of circularisation process.................................................................32
Figure 3.7 Confined specimens.....................................................................................34
Figure 3.8 Modification of specimens in Group N........................................................34
Figure 3.9 Stress-strain diagrams for N12 deformed bars..............................................35
Figure 3.10 Stress-strain diagrams for R6 plain bars.....................................................35
Figure 3.11 CFRP Flat Coupons....................................................................................36
Figure 3.12 Stress-strain diagram for CFRP coupon.....................................................36
Figure 3.13 Schematic diagram of configuration of eccentricity...................................39
Figure 3.14 Eccentric loading system............................................................................39
Figure 3.15 Schematic view of loading head................................................................40
Figure 3.16 Four-point loading system..........................................................................40
Figure 4.1 Failure mechanisms of concentrically loaded specimens.............................44
Figure 4.2 Load-deflection diagrams of concentrically loaded specimens ...................46
Figure 4.3 Failure mechanisms for specimens under 15 mm eccentric loading........... 49
Figure 4.4 Failure mechanisms for specimens under 25 mm eccentric loading ...........50
Figure 4.5 Load-deflection diagram for eccentrically loaded specimens, e=15 mm.....51
Figure 4.6 Load-deflection diagram for eccentrically loaded specimens, e=25 mm.....52
Figure 4.7 Failure mechanisms of specimens under flexural loading ..........................54
Figure 4.8 Load-midspan deflection diagram of specimens under flexural loading ....55
Figure 4.9 Schematic diagram of eccentrically loaded column ...................................56
Figure 4.10 Experimental P-M diagrams ......................................................................57
Figure 5.1 Stress-strain relationships.............................................................................62
xi

Figure 5.2 Effectively confined area for square concrete columns ..............................64
Figure 5.3 Effective confinement area of steel straps confined columns .....................65
Figure 5.4 Stress & strain distribution of eccentric loaded column cross-section........ 67
Figure 5.5 Compression zones of circular columns under eccentric loading............... 68
Figure 5.6 Trial and error processes to calculate P and M for a specific eccentricity...70
Figure 5.7 Theoretical P-M diagrams ...........................................................................72
Figure 5.8 Comparison of theoretical value and experimental results .........................73
Figure 6.1 Crack patterns of concrete covers and the original cores ...........................75
Figure 6.2 Stress-strain relationships of Specimens RF-0 and CF-0 ...........................76
Figure 6.3 Stress-strain relationships for Specimens N-0, CF-0 and CS-0 .................78
Figure 6.4 Ultimate load – Eccentricity diagram .........................................................80

xii

Chapter 1 Introduction
1.1 Background
In recent years, frequent natural disasters such as earthquakes have led to an increase
in the attention on building safety. A study by Forman (1991) showed that a significant
proportion of buildings in Australia are over 60 years old and are at risk of earthquake.
In terms of safety, there are two options ahead: destroy the unsafe buildings and
rebuild them, or strengthen the existing buildings. The first option requires significant
amount of funds and time, and for some special structures such as bridges, the impact
and consequences will be enormous. The second option is retrofitting existing
buildings, which is considered to be a more economical and practical approach than
rebuilding them.

For reinforced concrete columns, there are mainly three methods of strengthening. The
first method is to jacket the existing concrete columns using concrete, or in other
words, use concrete covers to increase the cross-sectional dimensions and thus increase
the load carrying capacity of the concrete columns. This method is usually done by
building a formwork surrounding the existing column, pour the concrete in and cure
the concrete covers. This method requires on-site construction which means that the
surrounding area of the existing column must be isolated for a significant period of
time. Meanwhile, for external columns, the formwork is hard to construct, especially
for corner columns. And for long columns, the concrete cannot be poured at one time
and segmental pouring is required. Therefore this method can only be applied to
limited circumstances. Nevertheless, this method is relatively cheap, the material
required is easy to get and the shape of the cross-section of existing column can be
modified as required (Takeuti et al., 2008).

The second method is to jacket the concrete columns with steel cages. This method is
done by bolting and welding the steel jackets on the surface of the concrete column.
1

The steel jackets can be made off-site and therefore the time required for strengthening
is shorter than the first method discussed above. The steel caging is effective and
therefore the cross-sectional dimension of existing columns would not increase
dramatically. However, steel is vulnerable against corrosion and fire and therefore
additional issues would be raised. However this method is another cheap and practical
approach towards strengthening (Li et al., 2005).

The third method is to wrap the existing columns with fibre reinforced polymer (FRP).
This technique has been developed and became popular during the last two decades. It
provides unique advantages due to the outstanding characteristics of FRP material:
high strength to weight ratio and high fire and corrosion resistance. The technique is to
wrap the columns with different layers of FRP and bond the FRP onto the surface of
columns using epoxy resin as adhesive. The weight and the dimension of the column
would not increase dramatically while the strength can be significantly improved. This
technique is the most advanced and outstanding technique in strengthening existing
buildings (Bisby & Range, 2010).
1.2 Research Significance
From the perspective of strengthening existing columns, the state-of-the-art approach
is to wrap the columns with FRP. Experiments conducted by Hadi (2006, 2007a, 2007b)
and Li and Hadi (2003) found out that FRP confinement has the ability to increase both
the load carrying capacity and ductility for circular concrete columns by a significant
amount. However, both experimental studies and theoretical analysis indicated that for
square or rectangular columns, the confinement provided by FRP is significantly
reduced due to non-uniformity of confinement, and the FRP tends to rupture at the
sharp corners due to the cutting effect of the concrete corner (Lam and Teng, 2003b).
Therefore, from the perspective of retrofitting, it is necessary to evaluate a new
approach to increase the efficiency of FRP confinement for square and rectangular
columns to maximise the efficiency of FRP confinement.
2

In this study, efforts were made to introduce a new technique which is designed to
modify the shape of cross-section of existing columns. This technique is hereinafter
called ‘circularisation’. The idea is to wrap the concrete columns with FRP after four
pieces of pre-cast segmental circular concrete covers are bonded to the surface of
column to change the cross section from a square to a circle. By using this technique,
the stress concentration at the sharp corners can be minimised and the confinement
effectiveness will increase.

Secondly, steel straps, another commonly used confinement material were used in the
experimental program. The use of steel straps provides useful experimental results to
compare and investigate an alternative confinement material.

Thirdly, while the majority of current studies focus on concentric loading, all columns
in this study were tested under both concentric, eccentric and flexural loading in order
to provide practical simulation of combined axial load and bending behaviour.

Furthermore, the study compares the new technique with conventional method where
the corners of the column are round and the column is wrapped with FRP. The
confinement efficiency is compared to evaluate the effect of stress concentration on
FRP confinement.

Finally, based on the experimental data gathered, a theoretical model was established
to predict the axial load – bending behaviour of the columns. The result of the model
was then compared with the experimental results.

In conclusion, the significance of the research include:


Provide experimental results for eccentrically loaded square concrete columns to
fully simulate the axial load - bending behaviour of eccentrically loaded columns,
3

and thus enable the examination of current theoretical models and help generate
accurate theoretical models;


Experimentally examine the circularisation technique in FRP confined concrete
columns and demonstrate the effect of stress concentration at the sharp corners of
the columns;



Evaluate the confinement efficiency of steel straps as an alternative confining
material;



Evaluate experimentally and theoretically the axial load – bending behaviour of
FRP and steel straps confined concrete columns.

1.3 Research Objectives and Scope
The study incorporates an experimental program and a theoretical study. Both FRP
confinement and steel straps confinement were studied and compared. Specimens
modified with the proposed circularisation technique and strengthened with FRP were
compared with ordinary specimens. Eccentric loading and flexural loading were
incorporated in both experimental and theoretical study.
The main objectives of this research include:


Conduct an experimental program to examine the proposed circularisation
technique in comparison with conventional methods, and the confinement
efficiency of steel straps as an alternative confining material;



Compare the confinement efficiency of FRP-confined columns using the proposed
technique and conventional technique;



Compare the confinement efficiency of FRP confinement and steel straps
confinement;



Establish a theoretical model to evaluate the axial load – bending behaviour of
confined columns, and compare the results of the model with experimental results.

4

1.4 Organisation of the Thesis
There are six chapters in the thesis. The first chapter is an introduction which is given
as above. A literature review which summarised the current research outcomes and
gaps for FRP-confined concrete columns is given in Chapter two. Chapter three
presents the experimental program carried out to examine the proposed circularisation
approach and achieve other objectives of the study. Chapter four of the thesis shows an
analysis of test results, which includes load-deflection analysis, axial load-bending
moment evaluation and ductility calculation. Theoretical modelling was carried out to
evaluate the theoretical axial load-bending moment diagram, and the results of which
are presented in Chapter five of the thesis. Finally, discussion and conclusions are
drawn and recommendations are given in Chapter six.

5

Chapter 2 Literature Review
2.1 General
This chapter summarises the existing studies on strengthening concrete columns. First
of all, experimental studies of FRP-strengthened concrete columns are reviewed. After
that, studies of concrete columns externally confined with other materials are
summarised.
2.2 Strengthening existing concrete columns using concrete covers
The study of using concrete cover in strengthening concrete columns is relatively new.
Research in this area focuses on experimental studies on different reinforcement in the
cover, strength and material of the cover.

Kazemi and Marshed (2005) investigated the use of Ferro cement jacket in
strengthening short concrete columns in shear capacity. Six shear-critical short
concrete columns were built and tested. The dimension of the columns was 250 mm ×
250 mm x 400 mm. The columns were retrofitted with Ferro cement with 25 mm cover
and extended steel meshes. One of the specimens was retrofitted with ties. The
columns were subject to reversed lateral load until failure. Kazemi and Marshed (2005)
concluded that the failure mechanism were concrete cracking, bond failure and
interface slip. Results of the tests showed that shear strength and ductility is
significantly increased by Ferro cement cover. Extended steel meshes increases shear
strength considerably more than ties. Meanwhile, Ferro cement cover also decreases
shear cracking.

Vandoros and Dritsos (2008) evaluated the strengthening effect of concrete jacket in
terms of different reinforcement welding technique in the concrete jacket. The original
reinforced columns were 250 mm × 250 mm in cross section and 1800 mm in height
with a foundation of 1400 mm by 780 mm by 650 mm in order to simulate full-scale
6

ground floor columns. Three different reinforcement techniques were incorporated:
welding the jacket stirrup ends together, welding stirrup ends together and placing
dowels and welding the longitudinal bars of the jacket and original column using bent
down steel connector. The thickness of the concrete covers was 75 mm and no special
treatment was incorporated at the interface between the original column and the cover.
The columns were concentrically loaded until failure. Results showed that the
behaviour of the reinforced concrete columns can be significantly improved by
concrete jacketing. Vandoros and Dritsos (2008) found that the load carrying capacity
can be increased by 3.44 times, the stiffness by 2 times and the dissipating energy, by
10 times. The failure was caused by the separation of the jacket from the original
column and therefore the concrete columns with the third reinforcement welding
technique achieved the largest ductility.

Takeuti et al. (2008) studied the effect of reloading and strength of original columns on
the strength of the strengthen columns. Twelve reinforced concrete columns were cast
in terms of different shape of cross-section (square and circular), strength of concrete
cover and three different types of transverse reinforcement in the cover. Strengthening
was carried out with preloading in one group and without preloading in another. The
dimension of the square columns was 120 mm × 120 mm × 900 mm with 40 mm
concrete cover. The diameter of the circular columns was 120 mm and the height was
900 mm with 35 mm concrete cover. The load was applied axially until failure. Results
showed that while preloading reduces the ductility of the columns, it does not
adversely affect the load carry capacity. The transverse reinforcement ratio
significantly affects the ductility of the jacketed columns. For circular cross-section,
the effect would be magnified. For the welding techniques, welded steel wire meshes
are the most efficient way.

Herrera et al. (2009) investigated the stress transmission between the original concrete
and the strengthening concrete cover. Eight reinforced concrete columns with square
7

cross-section and strengthened with concrete cover were cast with different stirrup
ratio and bonding methods. The original reinforced concrete columns had a section of
200 mm × 200 mm and the concrete cover was 100 mm. The columns had three
different amounts and arrangements of stirrups. The columns were tested until failure.
Results showed that the specimens with no stirrups exhibit brittle failure (isolated
cracks) while increasing the amount of stirrups leads to increased ductility of the
columns with distributed cracks. The stress transmission from the column to the jacket
depends on shear capacity at the interface and the limit for compression strut failure is
55% of the strength of the concrete for jacketed columns.

In conclusion, results in this area showed that concrete cover jacketing can improve the
load-carrying capacity of the concrete column by a significant amount. The increase in
ductility, however, depends on the reinforcement of the cover and the connection
between the cover and the column. Nevertheless, the increase in strength of the column
depends directly on the thickness of concrete cover which creates many fall backs such
as increase in self-weight and cross-sectional area. It is clear that this technique can be
applied to limited circumstances.
2.3 Strengthening existing concrete columns using steel plates
Steel jacketing in strengthening concrete columns has attracted little attention The
review of literature which was carried out in this study focuses on by how much steel
jacketing can improve the load-carrying capacity of columns.

In terms of experiment programs, Fukuyama et al. (2000) evaluated the efficiency of
different strengthening methods including concrete jacketing, steel plate jacketing and
FRP jacketing on damaged reinforced concrete columns. The experiment aimed to
investigate the shear strength and ductility of the repaired/strengthened columns. Eight
columns of which seven were damaged with different severity were built. The columns
were varied in dimension: 350 mm × 350 mm, 410 mm × 410 mm and 450 mm × 450
8

mm, with the same length of 900 mm. The damage severity included crush of concrete
and buckling of longitudinal bars. The damaged columns were then strengthened with
either 100 mm concrete cover, steel plates with a thickness of 2.3 mm and CFRP plates.
The specimens were then loaded with constant axial compressive load and cyclic shear
force. Results showed that the shear strength of the repaired columns can be restored to
the original level and jacketing of steel plates or CFRP plates can sufficiently increase
the ductility of the damaged columns.

Uy (2002) investigated the behaviour of steel plates jacketed reinforced concrete
columns. Both short columns and slender columns were incorporated. The dimension
of the columns was 150 mm × 150 mm × 450 mm for short columns and 150 mm ×
150 mm × 815 mm for slender columns. Different groups of specimens were
categorised by the bolting and gluing methods. All specimens were tested under
concentric loading until failure. The failure mode for both short columns and slender
columns were local buckling of the steel plates and local crushing of the concrete.
Results showed that the ultimate strength of the bonded columns was increased by
around 90% to 110% and gluing and bolting were proved to be effective for slender
columns in preventing local buckling and slipping.

Li et al. (2005) proposed a constitutive model based on experimental results to evaluate
the behaviour of concrete strengthened by externally bonded steel plates. In order to
obtain sufficient data, an experimental program was first conducted. 60 concrete
cylinders with a 300 mm diameter and 600 mm length jacketed with different types
and thicknesses of steel jacket were tested. The results of the tests were used as a
database for the generation of the constitutive model. The model is based on the stress
and strain values of the intersection points and regression analysis was used to
determine the parameters. The results showed that steel plate jacketing is efficient for
uniaxial loaded columns to increase its strength and ductility. The ultimate stress of the
confined concrete can be increased by the thickness of the steel jacket and the
9

stress-strain relationship of confined concrete is dependent on the stress-strain
relationship of the unconfined concrete.

Adam et al. (2009) investigated the behaviour of reinforced concrete columns jacketed
by steel plates. Ten reinforced concrete columns with 300 mm × 300 mm in
cross-section and 2500 mm in height were built. Four different types of steel jacketing
were incorporated. The specimens were loaded concentrically until failure. Results
showed that steel jacketing can increase the ultimate capacity of the reinforced
concrete columns by 50% to 100%. After that, a finite element analysis was carried out
to build an analytical model and a parametric study was carried out. The proposed FEA
model showed good agreement with the experimental results. The parametric study
showed that the higher the compressive strength of the concrete, the bigger the strips or
the smaller the angels are, the higher the load carrying capacity the columns have.

Similar to Fukuyama (2000), Li et al. (2009) compared the effect of different
strengthening techniques on corrosion-damaged concrete columns. The techniques
included steel jacketing and CFRP jacketing. Fourteen reinforced concrete columns
with 200 mm × 200 mm in cross-section and 1500 mm in length.

All columns were

subjected to accelerated steel corrosion test in which columns were immersed in salt
solutions and electrified. After the columns reached a certain degree of corrosion, some
columns were strengthened by either steel jacket, CFRP or a combination of steel
jacket and CFRP. The columns were then subjected to constant axial load and cyclic
transverse load until failure. The ultimate transverse load and ductility of the columns
were then compared. Results showed that although CFRP wrapping increases the
ductility of the columns by 80%, it only increases the transverse load by less than 10%.
Steel jacketing on the other hand increases ductility by a moderate amount but can
significantly improve the transverse load by more than 100%. The most efficient
method is a combination of the two technologies together.

10

In conclusion, it is clear that steel jacketing is an efficient technique in terms of
strengthening existing columns by increasing both the ultimate load and ductility.
Nevertheless, more research is still necessary to look into the issue about the efficiency
of bolting, welding and reinforcement setup, as well as the corrosion issue of steel
jacket.
2.4 Experimental Study of FRP-confined concrete columns
Research on strengthening concrete columns with FRP had been developed
dramatically in recent years. Research in this topic ranged from different loading types,
shape of cross-section of the columns, slenderness of columns and so on. In this study,
these studies are categorised with the shape of cross-section: circular or rectangular.
2.4.1 Circular concrete columns
Zhang et al. (2000) evaluated different confining systems for FRP strengthened
concrete columns in terms of cost-efficiency. Confining systems in terms of different
types of fibres and resins together with the cost and strengthening capacity of the
system were evaluated and compared. The columns incorporated were 150 mm in
diameter and 300 mm in height with no internal reinforcement. All columns were
subjected to axial compression load until failure. Results showed that uni-directional
carbon fibre polymer together with epoxy resin achieved the highest strengthening
efficiency but its cost-efficiency is relatively low. E-glass fibres with vinyl-ester resin
achieved the highest cost-efficiency with acceptable strengthening capacity.

Li and Hadi (2003) investigated the performance of FRP wrapped columns under
eccentric loading. The columns tested were circular with a diameter of 235 mm at the
haunched ends and 150 mm in the middle. The height of the columns was 1400 mm.
The columns were reinforced by steel and wrapped with different layers of either
Carbon FRP (CFRP) or E-Glass FRP (GFRP). The columns were subjected to eccentric
load until failure with an eccentricity of 42.5 mm. The performance of the eccentric
11

loaded columns was compared together with those under concentrate loading. Results
showed that the strength of the columns under eccentric loading were significantly
lower than those under concentric loading. Meanwhile, CFRP wrapped columns
achieved 30% higher ultimate load than GFRP wrapped columns, and the columns
with internal reinforcement and wrapped with CFRP achieved the highest level of
ultimate load.

Berthet et al. (2005) experimentally examined the behaviour of FRP jacketed concrete
columns in terms of different concrete strength and layers of strengthening. The
columns were made from plain concrete with a diameter of 160 mm and a height of
320 mm. The specimens were varied from concrete strength and number of layers and
types of FRP confinement. All specimens were concentrically loaded until failure. The
results of testing the columns were compared in terms of ultimate stress and ultimate
strain. It can be seen that for ultimate stress, columns with one layer of CFRP
outperformed the ones with two layers of GFRP. However, the ultimate strain of GFRP
wrapped columns was about twice as much as that of CFRP wrapped columns.

Hadi (2006) carried out a comparative study on the behaviour of FRP wrapped
concrete columns to investigate the effect of eccentricity and different types of FRP.
Nine concrete columns were cast of which three columns were internally reinforced,
three were wrapped with CFRP and the others were wrapped with E-glass FRP. The
columns were circular with 925 mm in height and 205 in diameter. All the columns
were subjected to either concentric, eccentric load of 25 mm or 50 mm eccentricity.
Results showed that the ultimate load of concretes under eccentric load is significantly
lower than those under concentric load. Meanwhile, FRP wrapping was proven to be
effective in enhancing the strength and ductility of concrete columns. Columns
wrapped by CFRP achieved the highest results of maximum load followed by GFRP
wrapped columns. Furthermore, CFRP wrapped columns achieved the highest ductility
compared with GFRP wrapped columns and steel reinforced columns.
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Hadi (2007a) investigated the behaviour of FRP wrapped reinforced concrete columns
under eccentric loading and examined the effect of vertical straps. Six circular plain
concrete columns (with 205 mm diameter and 925 mm height) were tested of which
half of them were wrapped with GFRP and the other half with CFRP. Some of the
columns had vertical straps while others did not. All columns were subjected to 50 mm
eccentric loading and tested until failure with a new loading system. Results showed
that the reinforcement of FRP enhances the strength and ductility of the concrete
columns and CFRP performs much better than GFRP by about 40%. Compared to steel
reinforced columns, CFRP wrapped columns achieved 57% higher ultimate load while
GFRP wrapped columns achieved 12%. Meanwhile, vertical straps were proven to be
beneficial in strengthening. One layer of vertical straps increased the ultimate load by
23% and three layers 45% for eccentrically loaded columns.

Hadi (2007b) investigated the behaviour of FRP wrapped reinforced concrete columns
made from high strength concrete subject to eccentric loads. The specimens were
circular with a diameter of 205 mm and 925 mm in height. Six columns were made of
which three were not wrapped; three were wrapped with CFRP and three with E-Glass
FRP. All the columns were internally reinforced by helix and subjected to eccentric
loading of 25 mm, 50 mm or concentric loading. Test results of testing the columns
under different conditions were compared and evaluated. Results showed that columns
wrapped with CFRP demonstrated most significant increase in strength and ductility.
The ultimate load of CFRP wrapped columns exceeds the number of GFRP wrapped
columns by 63% and 106% for unwrapped columns. Eccentricity of 25 mm reduces the
ultimate load by 53.7% and 71% for 50 mm eccentricity.

Hadi (2009) further tested twelve high strength reinforced concrete columns in order to
investigate the influence of steel fibre on FRP-confined eccentrically loaded concrete
columns. The columns were 205 in diameter and 925 in height and internally
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reinforced by steel. Four of the columns were wrapped with 3 layers of CFRP; the
other four were strengthened by 1% of steel fibre and the next four strengthened by
both methods. All columns were subjected to concentrate load, 25 mm eccentric load,
50 mm eccentric load or four-point flexure testing until failure. The ultimate load and
ductility of the specimens were compared. Results showed that the implementation of
steel fibre and FRP improves the performance of concrete columns and especially their
ductility. Steel fibre increased the ductility of the columns by more than 100%. When
the columns were strengthened by both methods, the maximum load can be increased
by 16% and ductility 60% compared to columns only wrapped with CFRP.

Similar to Hadi (2006), Bisby and Ranger (2010) conducted an experimental study on
circular concrete columns under various eccentric loading. The columns were 152 mm
in diameter and 608 mm in height. Internal steel reinforcement was provided for all
columns. Seven of the columns were wrapped with one layer of CFRP. The columns
were subjected to concentric load, 5 mm, 10 mm, 20 mm, 30 mm, 40 mm eccentric
load or pure bending. Results showed that ultimate load for both wrapped and
unwrapped columns were significantly reduced by eccentricity. At 10 mm of
eccentricity, 20% reduction is witnessed and for 40 mm eccentricity, the reduction
tends to be about 60%. The difference of the ultimate load for wrapped and unwrapped
columns decreases with the increase of eccentricity.

Fitzwilliam and Bisby (2010) further expanded the research to slender columns.
Eighteen reinforced concrete columns with circular cross-section were cast. The
columns were 152 mm in diameter with different heights varied from 300 mm, 800
mm and 1200 mm in order to create different slenderness. The columns were then
confined with different amounts of transverse CFRP and vertical CFRP strips. All
columns were loaded axially with a 20 mm eccentricity until failure. Results showed
that increase in slenderness decreases the load capacity and increases lateral deflection
at failure. With increased amount of CFRP confinement, the slenderness effect tends to
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be magnified. On the other hand, longitudinal FRP straps have been proven to be
effective for slender columns to achieve high strengths, but this effect was not obvious
for short columns.

Kusumawardaningsih and Hadi (2010) expanded the research into columns with
hollow cross-section. Twelve short reinforced concrete columns made of high strength
concrete were cast. Six of them were circular and the others square. All columns were
kept at the same cross-sectional area with either 205 mm in diameter or 182 mm in side.
The hollow sections in the columns were either circular or square. Six of the columns
were then wrapped with 2 layers of CFRP. All columns were subjected to concentric
load until failure. Results showed a 30% reduction of ultimate load for circular
columns with hollow sections compared with solid circular columns and 12%
reduction for square ones. Nevertheless, FRP confinement was proven to be equally
effective for both solid and hollow columns in terms of ultimate axial load or ductility.
2.4.2 Rectangular/square concrete columns
Parvin and Wang (2001) evaluated the behaviour of FRP confined plain concrete
columns under eccentric loading. Nine small concrete columns were cast with 108 mm
by 108 mm square cross-section and 305 mm in height. All columns were made from
plain concrete with no internal reinforcement and rounded corners with a radius of 8.26
mm. All columns were wrapped with 0, 1 or 2 layers of CFRP. The columns were
subjected to concentric loading, 7.6 mm or 15.2 mm of eccentric loading. Results
showed that the load capacity of the square columns can be significantly increased by
CFRP confinement. One layer of FRP increases the load capacity by 53.8% and two
layers 100%. Nevertheless, 7.6 mm of eccentricity decreases the load capacity by
around 20%.

Al-Saloum (2007) studied the influence of edge sharpness on the strength of square
concrete columns confined with FRP. 20 plain square concrete columns with 150 mm
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sides and 500 mm length were cast with different radii of round corners. For columns
with any specific length of round corners, both confined and unconfined columns were
made. Columns confined were wrapped with one layer of CFRP. All columns were
tested under concentric loading until failure. Results showed that confinement
efficiency of columns were directly proportional with the corner radius. The stress
concentration on the sharp edges was clearly demonstrated. Meanwhile, the failure of
the columns took place in the mid height of the columns regardless the shape.

Similar to Parvin and wang (2001), Tao and Zhong (2008) tested 30 rectangular plain
concrete columns with different concrete strength, aspect ratio (1 or 2) and corner
radius (20, 35 or 50 mm). The columns were also bonded with 0, 1 or 2 layers of CFRP.
All columns were loaded concentrically until failure. Results showed that all CFRP
wrapped columns failed by FRP rupture at mid height. The efficiency of CFRP
confinement was proven to be higher with low strength concrete than high strength
concrete and lower with high aspect ratio than low aspect ratio, and vice versa.
Nevertheless, the increase of numbers of FRP layers increases the confinement
effectiveness of concrete in all cases.

Turgay et al. (2010) carried out an experimental program to investigate the behaviour
of concentrically loaded large-scale slender rectangular columns wrapped with CFRP.
20 reinforced normal strength concrete columns were tested. Each column had a
dimension of 200 mm in side and 1000 mm in length. All columns were unwrapped,
partially wrapped or fully wrapped. Results showed that all fully wrapped columns
fractured at top or bottom while partially wrapped columns failed at the end of the
confined regions. For slender columns, FRP increased the ductility but did not
significantly increase the ultimate load.

Sadeghian et al. (2010) studied the behaviour of large-scale rectangular reinforced
concrete columns wrapped with CFRP of different fibre layout under eccentric loading.
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Seven large-scale reinforced columns with 200 mm in width, 300 mm in height and an
overall length of 2700 mm were casted. The columns were wrapped with two, three or
five layers of CFRP with fibre orientations of 0 degree, 45 degrees or 90 degrees. The
eccentricity incorporated were 200 mm or 300 mm. Results showed that for large-scale
columns strengthened with CFRP; there is a similar bilinear load-deflection curve as
unstrengthened columns. Angle orientation showed little influences to the behaviour of
the columns. Notably, when the columns fail in tension-controlled failure, the
transverse layer does not make significant improvement on the confinement of the
compression section.
2.5 Theoretical Study of FRP-confined concrete columns
Campione and Miraglia (2003) analytically examined the compressive performance of
FRP reinforced concrete members. FRP reinforced concrete members with different
shape of cross-section was analysed and a model to evaluate the confining pressure and
ultimate strain was developed. The model was then examined with experimental data
and showed good agreement. The results showed that the load capacity and strain for
concrete members reach the maximum value with a cross-section of circular or square
cross-section with round corners confined with FRP.

Maalej et al. (2003) proposed an analytical model to predict the load-displacement
response of rectangular reinforced concrete columns wrapped by FRP. Effect of
sustained loading was taken into account. A parametric study was conducted to
investigate the effects of parameters such as aspect ratio, number of FRP layers and the
corner radius of columns. The results of the model was compared with experimental
results and showed good agreement.

Lam and Teng (2003a) proposed a design-oriented stress-strain model for
FRP-confined concrete column with circular cross-section. The model consisted of
close-form equations which can be directly used for calculation in design phrase. The
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model considered actual hoop strain when FRP ruptured, FRP-confinement efficiency
factor and the FRP jacket stiffness on the ultimate strain. The predictions of the model
showed good agreement with test results.

Lam & Teng (2003b) extended the design-oriented stress-strain model to accommodate
rectangular columns. The model was refined with the introduction of shape factor due
to non-uniform confinement of rectangular section. Effective confinement area can
then be calculated. The results from the model were then compared to test results from
a test database which consists of 58 FRP-confined rectangular specimens. Good
agreement can be found during the comparison.

Parvin and Jamwal (2006) investigated the performance of FRP wrapped concrete
columns. Nonlinear finite element analysis was carried out to investigate the
performance of concrete columns wrapped with FRP in terms of wrap thickness, wrap
ply angle and concrete strength. Results showed that FRP wrapping significantly
increase the compressive strength and ductility of the columns and the compressive
strength was higher for lower concrete strength and 0 degree ply angle configuration.

Wu et al. (2006) evaluated the results from more than 300 FRP confined concrete
cylinders and analysed the confinement effect and failure mechanisms of FRP confined
concrete cylinders. A model was developed to predict the ultimate strain of FRP
confined concrete cylinders. The model was then proven to be accurate by comparing
with experimental data. A further equation for predicting the maximum strength and
ultimate strain were suggested.

Youssef et al. (2007) developed a stress-strain model for FRP confined concrete. The
model was developed on the basis of an experiment incorporating columns of different
shape of cross-section confined by CFRP and GFRP. The model was capable to predict
the ultimate stress and rupture strain of FRP confined concrete columns in terms of
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jacket parameters and cross-sectional geometry. Results were compared with
experimental results and that of other literature and showed agreement.

Wang and Hsu (2008) developed a new design method to evaluate the axial strength of
rectangular reinforced compression members confined with GFRP jackets. Equation to
calculate the axial load strength of columns confined with FRP jackets was derived.
The efficiency of the proposed design method was examined experimentally which
demonstrated the increase of the ultimate strain and strength of the columns using the
proposed design method.

Vintzileou and Panagiotidou (2008) assessed a number of existing model used to
predict the mechanical properties of FRP-confined concrete and developed a more
accurate empirical model. The proposed model was effective in derivation of ultimate
strength and ultimate strain of FRP-confined concrete. The results of the model were
compared with 84 experimental results and demonstrated good agreement.

It is clear from the above brief review that there are a number of models for predicting
the stress-strain behaviour of FRP confined concrete. In this study, the model proposed
by Lam & Teng (2003a & b) were adopted during the theoretical study as it is simple
and easily adaptable.
2.6 Study of concrete columns externally confined with other materials
Hadi & Li (2004) examined steel straps as external confinement material with concrete
columns. 11 high strength concrete columns were cast with 205 mm in diameter and
910 mm in height. The columns were confined with either internally with reinforcing
steel, externally with FRP or steel straps. The steel straps incorporated were galvanised
steel straps. Spacing of steel straps was maintained at either 10 mm or 20 mm.
Columns confined with steel straps were subjected to 50 mm eccentric loading. Results
showed that larger spacing between steel straps resulted in lower load-carrying
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capacity. Columns confined with steel straps showed substantially lower ultimate load
compared with FRP-confined columns but slightly higher than internally reinforced
columns. Further to this, Hadi (2011) evaluated the performance of steel straps on
strengthening concrete T connection. A full scale reinforced concrete T connection was
cast and confined with galvanised steel straps. The bonding agent used was epoxy resin.
Results showed that steel strap confinement increased the ultimate load by 13%.

Choi et al. (2008) proposed an experimental study of confined concrete columns using
shape memory alloy wires. Martensitic and austenitic shape-memory-alloy wires were
used as external confining materials. Nine plain concrete cylinders with a diameter of
150 mm and a height of 300 mm were cast. Six of the cylinders were confined with
either martensitic wire or austenitic wire at a pitch of either 2 mm or 4 mm. The wires
were confined and pre-strained using a special technique. After that, the specimens
were heated at 200 °C for 20 minutes to generate shape memory. All specimens were
tested under uni-axial compression loading until failure. Results showed that
martensitic wire confinement increased the strength of the cylinder by a small amount
but enhanced the ductility by a significant amount. For austenitic wire confined
specimens, only a small increase in ductility can be witnessed due to the limitation of
imposed prestress.

Hussain and Driver (2005) evaluated the use of hollow structural section collars as
confining material to strengthen square concrete columns. Eleven full scale reinforced
concrete columns were cast. The columns were 300 mm × 300 mm in cross-section
and 1500 in height. The columns were then confined by hollow structural section
collars. The collars were either bolted or welded, and different rings were confined for
each column. All specimens were subjected to axial loading until failure. No failure
was observed in the collars with bolted collar connections but weld fracture was
observed for welded collar connections. Results showed that all confined specimens
achieved higher ultimate load and ductility than unconfined specimens. Strength
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enhancement of the concrete in the columns with welded collars was 2.4 times higher
than those with bolted collars due to higher volumetric ratio of confining steel of the
former collars. The enhancement of strengthen for the confined specimens reach as
high as 312%. In terms of spacing, for every 60% increase in spacing, the ultimate
strength reduced by a half.

Hadi and Zhao (2011) studied a relatively cheap material – fly screen and wire mesh in
strengthening concrete columns. The mesh incorporated were fiberglass fly mesh,
aluminium fly mesh and galvanised steel wire mesh. Sixteen circular columns were
cast with 205 mm in diameter and 925 mm in height. The columns were internally
reinforced and externally confined with either of the mesh. All specimens were
subjected to concentric, 25 mm or 50 mm eccentric loading, or four point pure bending.
Results showed that galvanised steel wire mesh significantly increased the
load-carrying capacity of the specimens for both concentric and eccentric loading tests,
while the other two mesh systems did not show improvement in strength. However,
specimens confined with fiberglass fly mesh and aluminium fly mesh demonstrated
significantly higher ductility than those confined with galvanised steel wire mesh.
Finally, by using these meshes, considerable increase in strength and ductility can be
achieved at a moderate cost as the material cost is lower than FRP.
2.7 Studies of shape modification for concrete columns
The concept of shape modification was first proposed by Teng and Lam (2002). They
suggested that for FRP-confined square/rectangular columns to increase the
confinement efficiency, modification of the shape of cross-section may be a viable
approach. They proposed that for square concrete columns, the cross-section may be
modified to circle while for rectangular concrete columns, the cross-section may be
modified to ellipse. A preliminary test of compressive behaviour of CFRP-confined
elliptical concrete columns was carried out to evaluate the behaviour of elliptical
cross-section. However, Teng and Lam (2002) did not actually modify the
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cross-section of the columns but conducted an experimental program on elliptical
concrete columns under concentric loading.

The first experimental study of shape modification was performed by Yan et al. (2006).
Nine plain concrete columns were cast, two of them were square, and the rest seven of
them were rectangular in cross-section. The columns were wrapped with a
pre-fabricated post-tensioned FRP tube shells with the shape of circle or ellipse. The
circular FRP shell was made for the square columns and the ellipse for the rectangular
columns. The space between the FRP tube shells and the original columns were filled
with expansive cement concrete. All specimens were tested under concentric loading.
Results showed that compared with columns with the original shape, the shape
modified columns achieved higher axial compressive strength and energy absorption
than unmodified columns. The stress-strain behaviour for the shape modified columns
was hardening compared to softening for unmodified columns. Conclusion was made
that shape modification using post-tensioned FRP shells and expansive cement
concrete was a viable, safe and convenient approach to strengthen square/rectangular
concrete columns.

Pantelides and Yan (2011) further expanded the study to another method of shape
modification and the expansion effect of different cements. The study aimed to
introduce a new method of modifying the shape of cross-section by using non-shrink
grout and optimise the mix design of the expansive cement concrete. The new method
of modification was to put the original columns in a formwork and pour in the
non-shrink cement concrete. Once the cement concrete was cured, the formwork was
removed and FRP jackets were wrapped on the modified cross-section. All specimens
were axially loaded. Similar findings were found compared to Yan et al. (2006). The
proposed method exhibited similar behaviour compared to the method used in Yan et al.
(2006).
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2.8 Summary
In conclusion, strengthening existing structures using concrete covers and steel plates
had been studied to be able to increase the load carrying capacity and ductility of the
structure. Nevertheless, these techniques have their own limitations and disadvantages
which hinder the development of such techniques. On the other hand, use of FRP in
strengthening concrete columns has caught intensive interest all over the world.
Research in these areas showed that FRP technique is state-of-the-art with excellent
strength to weight ratio, corrosion resistance, and the application is relatively simple
and can be widely used. For circular columns, research studies covered both eccentric
loading and concentric loading on both reinforced and plain columns. Circular columns
of large scale have also been extensively studied. Common findings of the studies
include:

Eccentricity decreases the load-carrying capacity of the columns dramatically for both
confined and unconfined columns. Although FRP-confinement significantly increases
the load-carrying capacity and ductility of the columns; the significance of increase in
strength reduces with the increase of eccentricity but the increase in ductility remains
considerable.

On the other hand, limited research studies had been carried out for rectangular/square
concrete columns. Research studies in this area focused on studying the stress
concentration effect in the sharp corners on the confinement effectiveness of FRP,
which indicated that sharp corners significantly reduced the confinement efficiency of
FRP. It is suggested in this study that for rectangular/square columns, the sharp corners
should be rounded before FRP confinement to increase the efficiency of FRP
confinement. Nevertheless, the efficiency of FRP confinement of rectangular columns
with round corners is still significantly lower than circular columns, and therefore it is
of interest to evaluate a new technique to address this problem.
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Research studies (for example Hadi & Li (2003), Hadi & Zhao (2011) & Hussain and
Driver (2005)) on alternative confining materials revealed some outstanding materials
which are cheaper than FRP. These materials were easy to implement and were able to
provide moderate increase in load-carrying capacity and significant increase in
ductility during experimental studies. The material cost and labour cost of these
materials were reported as considerably lower than FRP. It is therefore necessary to
evaluate other confining materials that are cheaper than FRP as alternatives in general
engineering practice.

Shape modification of columns attracted early attention but few studies had been
carried out to evaluate this technique. The experimental programs carried out by Yan et
al. (2006) and Pantelides and Yan (2011) showed that the load-carrying capacity and
confinement efficiency of FRP increased dramatically by shape-modification by
non-shrink cement concrete and expansive concrete. Nevertheless, those studies did
not consider the creep effect on the expansive cement concrete, nor did the specimens
have internal reinforcement. More experimental studies should be carried out the fully
evaluate the methods to modify the shape of square/rectangular concrete columns.

Based on the review of literature conducted in this chapter, it is evident that there is a
need to evaluate a process to maximise the efficiency of FRP confinement by
modifying the shape of the cross-section. Meanwhile, it is also of interest to evaluate
an alternative confining material other than FRP. Chapter 3 presents the experimental
program which was carried out to evaluate the viability and performance of the
proposed circularisation process and examine the confinement efficiency of steel straps
confinement.
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Chapter 3 Experimental Program
3.1 General
An experimental program was conducted to evaluate the process of circularisation, the
combined axial loading – bending moment behaviour of confined concrete columns,
and the performance of steel straps confinement.

The experimental program was carried out at the High Bay Civil Engineering
Laboratory at the University of Wollongong. All concrete specimens were prepared,
cast, cured and tested at the laboratory. All materials were purchased from local
suppliers and then prepared in the laboratory. The details of the experiment program
are given in the following parts of the chapter.
3.2 Design of Specimens
Sixteen reinforced concrete columns were cast. The columns were square in
cross-section with 150 mm in sides and 800 mm in height. All columns had identical
internal steel reinforcement which was designed according to the minimum
requirements set out in AS 3600 (2009). Four 12 mm deformed bars with a nominal
tensile strength of 500 MPa were provided as longitudinal reinforcement and 6 mm
plain bars with a nominal tensile strength of 250 MPa were provided as transverse
reinforcement with 120 mm spacing. The columns were made from normal strength
concrete with a nominal compressive strength of 32 MPa. Concrete cover was
maintained at a thickness of 20 mm on the sides and 20 mm at top and bottom.

Carbon Fibre Reinforced Polymer (CFRP) was used as a primary confining material.
The CFRP was 50 mm width with a uni-directional fibre density of 340 g/m2, as
provided by the manufacturer. Galvanised carbon steel straps were used as an
alternative confining material. The steel straps had a nominal thickness of 0.78 mm and
a width of 19.1 mm as provided by the supplier. The nominal tensile strength of the
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materials was not specified and therefore preliminary tests were carried out to
investigate the mechanical properties of the aforementioned confining materials.
3.3 Test Configuration
The specimens were divided into four groups. The first group (Group N) was a
reference group with no further modification and strengthening. The second group
(Group RF) simulated the conventional method of strengthening square concrete
columns with FRP. All specimens in Group RF were rounded 20 mm in the corners and
wrapped with three layers of CFRP. The third and fourth group simulated specimens
strengthened using the proposed approach. Group CF was circularised and wrapped
with three layers of CFRP, and Group CS was circularised and confined with steel
straps with a clear spacing of 30 mm. From each group, the first specimen was
subjected to concentric compression loading, while the second and the third specimens
were subjected to eccentric compression loading with an eccentricity of 15 mm and 25
mm, respectively. The last specimen in each group was tested under four-point loading
as a beam to evaluate its pure bending behaviour. A detailed test matrix is given in
Table 3.1, the cross section view of the specimens is given in Figure 3.1. The elevation
section view of the specimens, including details of the internal reinforcement is given
in Figure 3.2. All specimens were labelled with the respective group name and the
loading condition in which the specimen was tested, where the number stands for the
load eccentricity and ‘F’ stands for flexural tests. The two label parts are connected
with a hyphen. For instance, N-15 represents the specimen in Group N (reference
group) which was tested under 15 mm eccentric loading while CS-F stands for the
specimen in Group CS (circularised and confined with steel straps) which was tested
under flexural test.
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Table 3.1 Test matrix
Specimen

Internal

External

External

Test

Reinforcement

Modification

Confinement

Modes

N-0

Yes

None

None

Concentric

N-15

Yes

None

None

Eccentric, e=15

N-25

Yes

None

None

Eccentric, e=25

N-F

Yes

None

None

Flexural

RF-0

Yes

Round corners

3 layers CFRP

Concentric

RF-15

Yes

Round corners

3 layers CFRP

Eccentric, e=15

RF-25

Yes

Round corners

3 layers CFRP

Eccentric, e=25

RF-F

Yes

Round corners

3 layers CFRP

Flexural

CF-0

Yes

Circularisation

3 layers CFRP

Concentric

CF-15

Yes

Circularisation

3 layers CFRP

Eccentric, e=15

CF-25

Yes

Circularisation

3 layers CFRP

Eccentric, e=25

CF-F

Yes

Circularisation

3 layers CFRP

Flexural

CS-0

Yes

Circularisation

Steel straps

Concentric

CS-15

Yes

Circularisation

Steel straps

Eccentric, e=15

CS-25

Yes

Circularisation

Steel straps

Eccentric, e=25

CS-F

Yes

Circularisation

Steel straps

Flexural
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Figure 3.1 Cross-sections of specimens (All units in mm)

Figure 3.2 Elevation views of specimens (All units in mm)
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3.4 Formwork Setup
Two formworks were prepared in the experimental program. One of the formworks
was prepared for the columns and the other was specially made for the segmental
circular concrete covers used in the circularisation process. All formworks were made
from plywood which was supplied by a local company. Timber was used to fix the
plywoods and was screwed onto the plywoods to ensure that the formworks were
stable.

In order to generate the round corners for Group RF, foams with the shape of corner
arch were used. The width and height of the corner arch was 20 mm, the corner radius
was 20 mm and the length of the foams was 800 mm. Four of the aforementioned foam
was glued onto the inner surface of the formwork and thus the round corners could be
generated.

A similar procedure was followed to generate the segmental circular concrete covers.
Special shaped foams were made and glued onto the inner surface of the second
formwork which was prepared for the segmental circular concrete covers. For better
demonstration, a sketch of the special shaped foams is given in Figure 3.3 and details
of the complete formworks are shown in Figure 3.4.

Figure 3.3 Special foams for segmental circular concrete covers (All units in mm)
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(a)

(b)

Figure 3.4 Details of the formworks for: (a) columns; (b) segmental circular covers
3.5 Preparation of Specimens
Before the concrete was poured into the formworks, high compression air was used to
remove the dust off the formworks. Oil was spread onto the inner surface of the
formworks for easy removal. Before the steel cages were put into the formwork, four
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pieces of steel bars with a length of 20 mm were welded at the bottom of each
longitudinal bar to ensure a clear spacing of 20 mm was maintained. Furthermore,
another four pieces of steel bars were welded on each side of the tie to ensure that the
steel cages were properly fixed at the right position of the formwork. Details of the
modification of steel cages are shown in Figure 3.5.

Figure 3.5 Placement of reinforcement into the formwork

Ready-mixed concrete was purchased from a local supplier. Slump tests were carried
out immediately after the arrival of the concrete. The results from the slump tests
revealed that the concrete had a slump of 117 mm. After that, the concrete was poured
into the two formworks. During the process, constant vibration was maintained by two
hand-held vibrators to eliminate bobbles in the concrete. All specimens and segmental
circular concrete covers were then covered with moist hessian and cured in room
temperature for 28 days before they were taken out of the formwork. The hessian was
watered twice a day to ensure humidity.
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3.5.1 Circularisation Process
The segmental circular concrete covers were taken out of the formwork after 28 days.
The foam on the covers was first removed and the surface of the covers was cleaned
and ground to ensure that they were flat and even. Before bonding of concrete covers,
the surface of the columns was also cleaned to remove any dust. The bonding agent
used was a mixture of epoxy resin, slow hardener and silica microsphere with a ratio of
5:1:10. The adhesive was evenly spread onto the surface of the concrete covers, and
the concrete covers were then bonded on the surface of the original columns.

Four segmental circular concrete covers were bonded on the surface of the column to
modify the shape of cross-section from a square to a circle. After the concrete covers
were bonded, three adjustable steel straps were used to hold the covers. The modified
specimens were then left to dry for one week before they were externally confined.
Figure 3.6 demonstrates the details of circularisation process.

(a)

(c)

(b)

Figure 3.6 Details of circularisation process: (a) Removal of the segmental circular
covers from formwork; (b) Removal of foams attached on the covers; (c) bonding of
segmental circular covers
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3.5.2 Construction of External Confinement
For Groups RF and CF, all specimens were wrapped with three layers of CFRP.
Wet-layup process was used to wrap the specimens with CFRP. The specimens were
confined with separate rings of CFRP for the purpose of evaluation of CFRP
confinement pressure and comparison with steel straps confinement. The bonding
agent used was a mixture of epoxy resin and hardener with a ratio of 5:1. Firstly, epoxy
resin was spread onto the surface of the specimen and the first ring of CFRP was
attached. After that, epoxy resin was spread again on the surface of the first layer of
CFRP and the second layer was attached. The same procedure was followed until three
layers of CFRP were bonded. An additional ring of CFRP was wrapped on both ends of
the specimen to prevent damage in the ends. A 100 mm overlap was maintained for
each ring in order to maintain sufficient bonding which is conservative in this case.
Epoxy mixture was applied to the surface of the last layers of CFRP to harden the
CFRP and ensure perfect bonding. The specimens were then left to dry for 14 days as
specified by the supplier. For Group CS, all specimens were confined with steel straps.
The steel straps were tightened using a special tool provided by the supplier. Each ring
of steel strap was clicked and fixed by a steel buckle. The first ring started at the top of
specimens and each ring had clear spacing of 30 mm. Figure 3.7 depicts the externally
confined specimens in Groups RF, CF and CS.
3.5.3 Modification of specimens in reference group
In order to prevent damage at the ends for eccentrically loaded specimens in Group N
(reference group), a special procedure was carried out to strengthen both ends of these
columns. Four pieces of segmental circular concrete covers with a length of 100 mm
were bonded at both ends of the specimens using the same procedure as specified in
the previous section. The specimens were then left to dry for two days for the bonding
to cure. After that, one ring of three layers of CFRP was wrapped on the circularised
section at both ends. Figure 3.8 depicts the modified specimens in Group N. The
33

modification of specimens which were subjected to eccentric loading in Group N was
regarded as ineffective upon the overall behaviour of the column as the columns were
damaged in the mid-height, which represented the true behaviour of eccentrically
loaded columns.

(a)

(c)

(b)

Figure 3.7 Confined specimens in (a) Group RF (b) Group CS (c) Group CF

Figure 3.8 Modification of specimens in Group N
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3.6 Preliminary Tests
Complying with AS 1012.9 (1999), three cylinders with a diameter of 100 mm and a
height of 200 mm were tested to determine the compressive strength of the concrete.
The tests showed that the average compressive strength of the concrete at 28 days was
26.81 MPa. For reinforcement, the average yield strength for N12 deformed bars was
568.35 MPa and for R6 plain bars, 477.88 MPa, which were determined by tensile tests
of three steel coupons according to AS4671 (2001). Figures 3.9 and 3.10 show the
stress-strain diagram of N12 deformed bars and R6 plain bars, respectively.
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Figure 3.9 Stress-strain diagrams for N12 Deformed Bars
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Figure 3.10 Stress-strain diagrams for R6 Plain Bars
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1.2

The Mechanical properties of CFRP and steel straps were determined according to
ASTM D7565 (2010) and ASTM D3953 (2007), respectively. Flat coupon tests were
conducted to determine the properties of CFRP. Three flat coupons with a width of 25
mm and a length of 250 mm were made. For each coupon, three layers of CFRP were
glued together using epoxy resin. The coupons were capped at both ends by four pieces
of aluminium plates. Details of the CFRP flat coupon are shown in Figure 3.10.

Figure 3.11 CFRP Flat Coupons
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Figure 3.12 Stress-strain diagram for CFRP coupon
For steel straps, three coupons of 250 mm in length were prepared. All CFRP flat
coupon and steel strap coupons were tested using Instron tensile testing machine. A
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gauge length of 150 mm was maintained for CFRP coupon tests and 300 mm for steel
strap coupon tests. Figure 3.11 shows the stress – strain diagram for CFRP coupons.
The mechanical properties of CFRP and steel straps are given in Table 3.2 and Table
3.3, respectively.

Table 3.2 Results of the flat coupon tests for CFRP
Property

Coupon 1

Coupon 2

Coupon 3

1.17

1.13

1.23

Width (mm)

29.57

27.97

28.78

Ultimate Load (kN)

57.99

54.93

57.29

1676.32

1732.58

1613.91

1674.27

0.0246

0.0229

0.0245

0.024

Thickness (mm)

Ultimate Stress (MPa)
Ultimate Strain (mm/mm)
Modulus of Elasticity (GPa)

Average

69.76

Table 3.3 Results of the flat coupon tests for steel straps
Property

Coupon 1

Coupon 2

Coupon 3

Thickness (mm)

0.783

0.78

0.783

Width (mm)

19.14

19.13

19.05

8.90

8.84

8.96

Ultimate Stress (MPa)

464.99

462.18

470.34

465.84

Ultimate Strain (mm/mm)

0.0762

0.0752

0.0766

0.076

Ultimate Load (kN)

Modulus of Elasticity (GPa)

Average

6.13

3.7 Configuration of the Loading System
A Denison 5000 kN compression testing machine was used in all loading tests. A
specific loading system was also used in order to conduct eccentric loading tests. The
loading system consists of two steel loading heads with a gauge on top and two top
steel plates with an overhang edge, as shown in Figure 3.15. The gauge was 25 mm off
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centre and the top overhang edge was placed in the gauge in order to create 25 mm
eccentricity. For 15 mm eccentric loading, the column was located 10 mm off centre
against the direction of eccentricity. A schematic diagram is given in Figure 3.12 to
show the configuration of eccentricity. For flexural tests, a four-point loading system
was used. Figure 3.13 depicts the details of the eccentric loading system and Figure
3.14 shows the four-point loading system.

Before the specimens were mounted on the testing machine, all specimens were
capped at both ends using high strength plaster to ensure even distribution of forces.
Firstly, high strength plaster was mixed and poured into the bottom loading head. The
specimen was then lifted up and placed into the loading head. A curing time of 30
minutes was given before the specimen was turned upside down. The same procedure
was followed so that both sides of the specimens were capped and fixed. Calibration
was then carried out to ensure the specimen was placed in the centre by checking the
centreline of the testing machine against the centreline of the loading heads.

For eccentric loading tests, a laser linear variable differential transformer (LVDT) was
placed at mid-height of the specimen to measure the lateral displacement and for
flexural tests, the laser LVDT was placed at the middle of bottom loading plate to
measure the midspan deflection. The axial displacement and the load were measured
by a sensor located on the bottom load platform of the test machine. Both the sensor
and the laser LVDT were connected to a data-logger which recorded the reading every
two seconds. All tests were deflection-controlled and all specimens were tested until
failure.
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Figure 3.13 Schematic diagram of configuration of eccentricity

(b)

(c)

(a)

Figure 3.14 Eccentric loading system (a) Overview (b) Overhang edge
(c) Loading plate
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Figure 3.15 Schematic view of loading head

Figure 3.16 Four-point loading system

40

3.8 Summary
An experimental program was conducted to evaluate the effectiveness of the
circularisation technique and the performance of FRP and steel straps. Construction of
column specimens was described in steps. The detailed procedure of circularisation
and external confinement of CFRP and steel straps were described. Preliminary tests
were carried out to determine the properties of the materials incorporated. Finally, the
testing environment, including the equipment and loading device was demonstrated.
The results of the experimental program are evaluated and analysed in the following
chapter.
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Chapter 4 Experimental Results and Analysis
4.1 General
This chapter evaluates and analyses the tests results from the experimental program
described in the above chapters. The behaviour of the specimens in the experimental
program was evaluated in terms of their loading condition, namely concentric loading,
eccentric loading and flexural loading. After that, the combined axial load-bending
moment interaction behaviour of the specimens in different groups was evaluated.
Finally, the ductility of the specimens in different groups were calculated and
compared.
4.2 Specimens under concentric loading
One specimen in each group was tested under concentric loading until failure. The
initial displacement rate was set at 0.5 mm/min but the number was mistakenly
increased to 1 mm/min after the specimens reached the peak load. The tests stopped
when the load sustained by the specimens dropped below 300 kN.
4.2.1 Failure mechanism
Specimen N-0 failed by spalling of concrete cover at the upper height. The concrete
cover began to spall when the specimen achieved its ultimate load, and spalling kept
occurring as the load dropped steadily. After the concrete cover was completely spalled,
it was seen that the longitudinal bars were bent between two ties of transverse
confinement.

Specimen RF-0 failed by rupture of CFRP at mid-height. The load kept increasing after
the specimen yielded and the CFRP were under tension with the increase of the load.
When the specimen reached the peak load, a ring of CFRP ruptured with a loud sound
and the load dropped immediately. After that, the load kept decreasing steadily. Each
significant drop in load was caused by rupture of one ring of CFRP. After four rings of
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CFRP were ruptured, the load dropped substantially below 100 kN and the test was
stopped. Peeking through the ruptured layers of CFRP, it can be seen that the concrete
was completely crushed and the longitudinal bars were buckled. No rupture of
transverse reinforcement was witnessed.

Similar to Specimen RF-0, Specimen CF-0 failed by rupture of CFRP at mid-height.
The load increased rapidly after the specimen yielded to a considerably high level, and
followed by a sudden rupture of several rings of CFRP at mid-height, when the load
decreased suddenly from around 2800 kN to below 500 kN and the test was stopped.
The concrete was completely crushed to powder due to the fact that the load achieved
by the specimen was significantly higher than the load that the concrete can sustain.

Specimen CS-0 exhibited a different failure mechanism from Specimens RF-0 and
CF-0. The steel straps at the upper height of the specimen were tightened with the
increase of the load, and cracking of concrete occurred at the same region. The load
reached the peak when the first ring of steel strap ruptured at the upper high, after
which the load kept dropping and more rings of steel straps ruptured. The concrete
cover spalled without the confinement of steel straps and the steel reinforcement was
exposed. Finally, after four rings of steel straps were ruptured, the load reduced to
below 300 kN and the test was stopped.

For better demonstration, Figure 4.1 shows the failure mechanism of the specimens
under concentric loading.
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(a) Specimen N-0

(b) Specimen RF-0

(c) Specimen CF-0

(d) Specimen CS-0

Figure 4.1 Failure mechanisms of concentrically loaded specimens

44

4.2.2 Test Results
Table 4.1 shows the test results of specimens tested under concentric loading. It can be
seen that the highest ultimate load was achieved by Specimen CF-0, which was 305%
higher than that of Specimen N-0. This number was followed by Specimen RF-0,
which showed 121% increase compared to Specimen N-0. Specimen CS-0 showed
only 55% increase in load-carrying capacity. Notably, the axial displacement at
ultimate load for Specimen RF-0 was 24.51, which was significantly higher than that
of other specimens. This phenomenon indicates that the ductility of RF-0 was
outstanding.

Table 4.1 Summary of test results of concentrically loaded specimens
Specimen

Yield Load

Corresponding

Ultimate Load

Corresponding

(kN)

Axial Disp.

(kN)

Axial Disp.

(mm)

(mm)

N-0

707.2

1.56

717.4

1.63

RF-0

796.5

1.83

1588.6

24.51

CF-0

1390.8

2.28

2907.4

13.63

CS-0

935.7

1.85

1112.9

2.13

4.2.3 Load-deflection diagram
Figure 4.2 depicts the load-deflection diagram of specimens tested under concentric
loading. It can be seen that all specimens exhibited similar behaviour at the initial stage.
Specimens CF-0 and CS-0 achieved higher yield load than Specimens N-0 and RF-0,
due to the fact that the area of cross-section of the former was larger than the latter
ones.

Compared with Specimens RF-0 and CF-0, the slope of load-deflection curve in the
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post-yield ascending branch in the diagram for Specimen CF-0 is higher than
Specimen RF-0. This phenomenon indicates that the confinement efficiency of
Specimen CF-0 was higher than that of Specimen RF-0. Nevertheless, the ultimate
axial deflection of Specimen RF-0 is significantly higher than that of CF-0, indicating
that Specimen RF-0 was more ductile. Finally, the post peak branch for Specimen
CS-0 in the diagram appeared to be softening instead of ascending, which indicates
that the confinement efficiency of steel strap is weaker than CFRP.
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Figure 4.2 Load-deflection diagram of concentrically loaded specimens

4.3 Specimens under eccentric loading
Two specimens from each group were tested under eccentric loading with an
eccentricity of 15 mm and 25 mm, respectively. Similar to concentric loading tests, the
displacement rate was set at 0.5 mm/min initially and was again mistakenly increased
to 1.0 mm/min after the specimens reached the ultimate load. The tests stopped when
the longitudinal reinforcement buckled or when the loading head on the specimens
touched the loading platform of the test machine.
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4.3.1 Failure mechanisms
Specimens N-15 and N-25 failed both by crushing of concrete in the compression
region. With the increase of load, cracks started growing in the compression region for
Specimen N-15. The cracks then grew to the tension region and immediately after the
specimens reached the peak load, the concrete in the compression region spalled. The
longitudinal bars in the compression region buckled for Specimen N-15. However,
Specimen N-25 exhibited different behaviour. A wide area of concrete cover spalled at
the upper height of the specimen when the load peaked and the longitudinal
reinforcement had not buckled, indicating that the failure was premature. The reason
for the premature failure could be the relatively large eccentricity, under which the
concrete cover was peeled off and as a result, the specimen could not carry the bending
moment effectively.

Specimen RF-15 failed by crushing of concrete in the compression region. With the
increase of the load, cracking of concrete between two rings of CFRP at the mid-height
could be observed. One longitudinal bar in the tension region ruptured after which the
specimen failed. Specimen RF-25 followed similar behaviour as Specimen RF-15
except that both longitudinal bars in the tension region suddenly ruptured in the post
peak period which created two distinct sounds. No CFRP rupture was witnessed for
both Specimens RF-15 and RF-25 indicating that the advantage of CFRP confinement
was not fully taken. Meanwhile, cracks appeared between rings of CFRP, showing the
deficiency of inconsistent confinement.

Specimens CF-15 and CF-25 failed by crushing of concrete in the compression region
and rupture of CFRP at mid-height. The CFRP was under tension with the increase of
load and immediately after the peak load, one ring of CFRP at mid-height ruptured and
the load dropped dramatically for both specimens. Tension cracks were observed
between CFRP rings. For Specimen CF-25, the longitudinal bars ruptured at the
tension region which created a huge sound.
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Specimens CS-15 and CS-25 failed by crushing of concrete in the compression region
at mid-height. The initial behaviour of Specimens CS-15 and CS-25 was similar to
Specimen N-15, where cracks grew from the compression region to the tension region.
When the specimen yielded, the load decreased by a small amount but then kept
climbing. For Specimen CS-15, one ring of steel strap ruptured when the load reached
the peak, which was followed by a steady drop of load and the rupture of another ring
of steel strap. For Specimen CS-25, the longitudinal bars in the tension region ruptured
and the specimen failed. No rupture of steel straps was witnessed for Specimen CS-25.
Figure 4.3 and Figure 4.4 show the failure mechanisms of specimens tested under
eccentric loading with an eccentricity of 15 mm and 25 mm, respectively.
4.3.2 Test results
Table 4.2 summarises the test results for specimens under eccentric compression
loading. Specimens CF-15 and CF-25 achieved the highest ultimate load for eccentric
loading tests with an eccentricity of 15 mm and 25 mm, respectively. Compared to
Specimen N-15, CF-15 achieved 157% higher ultimate load and for Specimen CF-25,
174% compared to Specimen N-25. This number was followed by specimens in Group
CS, with 58% increase for Specimen CS-15 and 82% for Specimen CS-25.

Table 4.2 Summary of test results of eccentrically loaded specimens
Specimen

Yield

Corresponding

Ultimate

Corresponding

Lateral Disp.

Load

Axial Disp.

Load

Axial Disp.

at ultimate load

(kN)

(mm)

(kN)

(mm)

(mm)

N-15

563.2

1.67

587.7

1.82

2.29

RF-15

635.3

2.15

701.6

2.96

9.96

CF-15

1202.7

2.38

1489.9

6.81

24.79

CS-15

905.1

2.21

917.1

2.43

3.19

N-25

414.6

1.26

435.5

1.41

2.33

RF-25

515.6

2.28

562.1

3.51

10.82

CF-25

1011.3

2.06

1170.6

6.50

22.39

CS-25

766.5

1.24

778.1

1.77

3.14
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(a) Specimen N-15

(b) Specimen RF-15

(c) Specimen CF-15

(d) Specimen CS-15

Figure 4.3 Failure mechanisms for specimens under 15 mm eccentric loading
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(a) Specimen N-25

(b) Specimen RF-25

(c) Specimen CF-25

(d) Specimen CS-25

Figure 4.4 Failure mechanisms for specimens under 25 mm eccentric loading
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4.3.3 Load-deflection diagram
Figure 4.5 and Figure 4.6 show the load-deflection diagrams for specimens under
eccentric loading with an eccentricity of 15 mm and 25 mm, respectively. It can be
seen that specimens with the same area of cross-section exhibited similar behaviour at
the initial stage. For example, the slope of the curve in the diagram for Specimens
N-15 and RF-15 at before the specimens were yielded was similar. For CFRP-confined
specimens in Groups RF and CF, the post peak branch of the curve in the diagram was
descending instead of ascending in the case of concentric loading. This phenomenon
indicates that the CFRP confinement is less effective for specimens under eccentric
loading compared to those under concentric loading. Notably, the lateral deflection of
CFRP-confined specimens was substantially higher than specimens in the other groups.
Specimens CS-15 and CS-25 exhibited similar behaviour compared to Specimens N-15
and N-25 except that the ultimate load of the former was higher than the latter, which
indicates that the confinement of steel straps was low.
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Figure 4.5 Load-deflection diagram for eccentrically loaded specimens, e=15 mm
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Figure 4.6 Load-deflection diagram for eccentrically loaded specimens, e=25 mm

4.4 Specimens under flexural tests
The last specimen in each group was tested under four point bending as a beam to
evaluate their flexural behaviour. The initial displacement rate was set at 0.3 mm/min
and was kept constant throughout the tests.
4.4.1 Failure mechanism
Specimen N-F failed by shear failure due to insufficient shear reinforcement provided
by ties. The concrete cover of the bottom loading region was completely crushed and
spalled, and the reinforcement was exposed. The test was stopped when the bottom
loading head touched the longitudinal reinforcement.

The failure mechanisms of Specimens RF-F and CF- F were similar. With the increase
of mid-span deflection, cracks were observed between CFRP rings. No rupture of
CFRP was observed. The longitudinal bars in the tension region for Specimen RF-F
were ruptured, causing two loud sounds and steady drop in load. For Specimen CF-F,
the concrete was crushed by the bottom loading head, making two huge gaps.
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For Specimen CS-F, the failure mode is similar to that of Specimen N-F and the crack
patterns were also similar. Steel straps provided additional shear reinforcement. The
concrete was crushed and spalled but was held by the steel straps. Hugh cracks were
observed at the tension region and the internal reinforcement was exposed. Only one
ring of steel strap was ruptured.

Figure 4.7 demonstrates the failure mechanism of the specimens under flexural
loading.
4.4.2 Test results
Table 4.3 summarises the test results of the flexural tests. Specimen CF-F achieved the
highest ultimate load, which was 210% higher compared to Specimen N-F. The
ultimate load of Specimens CS-F and RF-F was 99% and 95% higher than that of
Specimen N-F, respectively. Notably, the midspan deflection at ultimate load and yield
load of Specimens RF-F and CF-F was significantly higher than the other specimens,
which indicates that CFRP confinement effectively increases the ductility of the
specimens. Due to insufficient shear strength, the experimental ultimate load of
Specimen N-F was not the true flexural capacity.

Table 4.3 Summary of test results of specimens under flexural tests
Specimen

Yield Load

Corresponding

Ultimate Load

Corresponding

(kN)

Mid-span defl.

(kN)

Mid-span defl.

(mm)

(mm)

N-F

81.7

7.78

81.7

7.78

RF-F

107.7

5.25

161.2

36.50

CF-F

139.6

4.04

253.9

30.40

CS-F

163.2

5.96

163.2

5.96
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(a) Specimen N-F

(b) Specimen RF-F

(c) Specimen CF-F

(d) Specimen CS-F
Figure 4.7 Failure mechanisms of specimens under flexural loading
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4.4.3 Load-midspan deflection diagram
Figure 4.8 shows the load-midspan deflection diagram for specimens tested under
flexural loading. CFRP-confined specimens exhibited ascending branch after the
specimens were yielded due to additional shear reinforcement provided by CFRP. For
Specimen RF-F, the load increased steadily after the specimens were yielded and two
dramatic drops of load can be observed which were caused by yielding of longitudinal
reinforcement in the tension region. Specimen CF-F exhibited a strengthening stage
where the load increased after the specimen was yielded, and followed by a softening
stage where the load decreased steadily. When Specimen CS-F yielded, the load
fluctuated and then followed by an increase in load, which indicates that the steel
straps were activated after the specimen yielded.
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Figure 4.8 Load-midspan deflection diagram of specimens under flexural loading
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4.5 Axial load – bending moment interaction diagram
For columns subjected to eccentric loading, it is of interest to evaluate their combined
axial load – bending moment interaction behaviour. An axial load (P) – bending
moment (M) diagram plots the axial load against the moment, in which the slope of the
loading line equals to the inverse of the eccentricity. Therefore, the P-M diagram is
useful to evaluate the section capacity of the columns to resist combined axial and
bending loads.

For experimental P-M diagram, the ultimate load of the axially loaded specimens in
different eccentricity can be directly used. The bending moment M for eccentrically
loaded specimens can be calculated by Equation 4.1.
𝑀 = 𝑃(𝑒 + 𝛿)

(4.1)

where P is the ultimate load of the specimen, e is test eccentricity and δ is lateral
deflection of the specimen at ultimate load. Figure 4.9 shows the schematic diagram of
eccentrically loaded columns.

Figure 4.9 Schematic diagram of eccentrically loaded column
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For specimens under flexural loading, the moment capacity can be calculated using
Equations 4.2:
𝑀=

𝑃𝑥

(4.2)

2

where P is the ultimate load for specimens under flexural loading tests, and x is the
shear span which can be calculated as the distance between the outmost loading point
on the bottom loading plate and the outmost loading point on the top loading point on
the same side. Note that two different top loading plates were used to suit different
shapes of cross-section.

Table 4.4 summarises the tests results and calculated bending moment for the P-M
diagram and the experimental P-M diagram is given in Figure 4.10. Group CF clearly
exhibited most outstanding section capacity amongst different groups. Group CF also
produced the largest bending moment for both eccentric loading and flexural tests. For
Groups RF and CF, the lateral deflection is much larger than the other groups, which
indicates that CFRP confinement dramatically increase the lateral deformation capacity
of specimens under compression load and therefore the secondary moment tend to
magnify.
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Figure 4.10 Experimental P-M diagram
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Table 4.4 Summary of test results for P-M diagram
Specimens

Ultimate Load

Bending Moment

Lateral Deflection

Eccentricity

(kN)

(kNm)

(mm)

(mm)

N-0

717.30

0

0

0

N-15

579.04

10.04

2.34

15

N-25

427.13

11.67

2.33

25

N-F

0

9.60

-

Flexural

RF-0

1588.60

0

0

0

RF-15

693.56

17.31

9.96

15

RF-25

564.06

20.20

10.82

25

RF-F

0

18.78

-

Flexural

CF-0

2907.40

0

0

0

CF-15

1489.92

59.28

24.79

15

CF-25

1170.62

56.64

23.39

25

CF-F

0

27.30

-

Flexural

CS-0

1112.90

0

0

0

CS-15

917.09

16.68

3.19

15

CS-25

778.10

21.89

3.14

25

CS-F

0

17.54

-

Flexural

The section capacity lines for Groups RF and CS intercepts twice in the diagram. The
ultimate load of Group RF for concentric loading and the bending moment for pure
bending are higher than those of Group CS, but for eccentric loading, the ultimate load
of Group RF is lower than that of Group CS. This situation is mainly because the CFRP
confinement is less efficient when the load is applied eccentrically than applied
concentrically.
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4.6 Ductility
Ductility is a technical measure of the deformability of a structural member before it
fails. It is a desirable feature for a structural member to be safe against unpredicted
overload such as earthquake. A structural member with high ductility gives warning
before it fails hence it is a general rule for a structural member to be ductile.

For reinforced concrete columns, the ductility is calculated using the equation proposed
by Pessiki and Pieroni (1997) as follows:
Ductility =

∆85

(4.3)

∆𝑦𝑖𝑒𝑙𝑑

where Δ85 is the axial displacement of column at 85% of ultimate load after peak and
Δyield is the axial displacement of column at yield load.

Table 4.5 Ductility of the specimens
Specimen

Ductility

Normalised Ductility

N-0
RF-0

1.40
13.42

1
9.59

CF-0
CS-0

6.98
1.88

4.99
1.34

N-15
RF-15
CF-15
CS-15

1.63
5.22
4.82
3.23

1
3.20
2.96
1.98

N-25
RF-25
CF-25
CS-25

1.33
4.73
5.11
2.00

1
3.56
3.84
1.50

N-F

1.50

1

RF-F
CF-F
CS-F

8.65
11.29
3.50

4.77
6.53
1.33
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Table 4.5 shows the calculated ductility for axially loaded specimens. All confined
specimens achieved higher ductility compared to unconfined specimens. For concentric
loading tests, Specimen RF-0 achieved the highest ductility but the number decreased
with the increase of eccentricity. For 25 mm eccentric loading tests, Specimen CF-25
achieved the highest ductility. Specimens of Group CS obtained moderate increase in
ductility compared to specimens of Group N.

4.7 Summary
The experimental results were analysed and evaluated in this chapter. In terms of
different loading condition, the specimens exhibited different failure mechanism. All
confined specimens exhibited higher ultimate load and ductility compared to
unconfined specimens. Among the confined specimens, Group CF achieved the highest
ultimate load and bending moment. For concentric loading tests, Group RF achieved
higher ultimate load compared to Group CS. However, the ultimate load for Group CS
under eccentric load was higher than that of Group RF due to low CFRP confinement
efficiency. Moreover, the axial loading – bending moment diagram reveals that Group
CF had the highest section capacity. The section capacity lines of Groups RF and CS in
the P-M diagram intercepted but all confined groups showed better results in the
diagram compared to Group N. Finally, the ductility analysis reveals that for
CFRP-confined specimens of Groups RF and CF showed significant increase in
ductility compared to Group N, while Group CS showed moderate increase in ductility.

The confined specimens clearly exhibited different axial load – bending moment
behaviour compared to unconfined specimens. A theoretical study is conducted in
the following chapter to generate a theoretical P-M model.
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Chapter 5 Theoretical Analysis
5.1 General
The evaluation of axial load – bending moment interaction behaviour is one of most
critical process in the design and analysis of concrete columns. Almost all compression
structural members in concrete structures are subjected to eccentric loading, that is,
axial loads plus relative bending moments. The bending moments may be caused by
misalignment of the load on the column, or when the columns bear a portion of the
moments at the ends of the beams which are supported by the columns. Furthermore,
the bending moments could even be caused by horizontal loads such as wind and
earthquake acting on it (Warner et al., 2007). It is therefore clear that analysing the
combined axial load – bending moment interaction behaviour is critical for concrete
columns in order to evaluate the section capacity of the columns to carrying axial loads
and relative bending moments.

This chapter presents an analytical approach of generating the axial load (P) – bending
moment (M) interaction diagram. Firstly, the stress-strain behaviour of unconfined and
confined concrete columns is demonstrated. Secondly, the process of calculating the
P-M interaction diagram is evaluated. Finally, the theoretical P-M diagrams are
compared and analysed with reference to the experimental P-M diagrams.

5.2 Stress-strain behaviour of unconfined and confined concrete
When a column is subjected to compression loading, it is compressed longitudinally
and therefore shortened. Under Poisson’s law, the column then expands laterally. For
steel reinforced columns, the ties then provides active confining pressure to resist the
expansion of the concrete. Meanwhile, the ties reduce the unsupported length of the
longitudinal bars and reduce the chance of buckling of the bars before they reach the
yield strength (Warner et al., 2007). As the confinement pressure provided by ties is
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relatively weak, they have little effect on the strength of the column. Therefore the load
drops gradually after the column yielded, until the concrete core of the column is
crushed and the longitudinal bars buckle. The typical stress-strain curve for steel
reinforcement concrete is given in Figure 5.1.

For FRP-confined concrete columns, when the column starts to expand, the FRP holds
the concrete by providing passive confining pressure. The confining pressure is loaded
in tension in the hoop direction. When the tensile force in the FRP surpasses its rupture
strength, the FRP ruptures and the column fails (Lam & Teng, 2003a).

Figure 5.1 Stress-strain relationship for (a) unconfined (b) steel confined (c) FRP
confined concrete
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5.2.1 Confinement model for FRP-confined concrete columns
Richart et al. (1928) proposed a stress-strain model under active confinement which
has been widely used as base model for FRP-confined circular concrete columns. In
this model, the ultimate axial stress can be derived as follows:
′
𝑓𝑐𝑐
′
𝑓𝑐𝑜

𝑓

= 1 + 𝑘1 𝑓′𝑙

(5.1)

𝑐𝑜

′
where 𝑓𝑐𝑐′ is the ultimate stress for confined concrete column, 𝑓𝑐𝑜
is the ultimate

stress for unconfined concrete column, 𝑘1 is a confinement coefficient factor which is
taken as 4.1 originally by Richard et al. (1927), but was refined as 3.5 by Jiang and
Teng (2007). In this study, the value of 𝑘1 is set as 3.5. 𝑓𝑙 is the confining pressure
provided by FRP which is calculated as follows (Lam & Teng, 2003a):
𝑓𝑙 = 𝑘𝑒

2𝑓𝑓𝑟𝑝 𝑡𝑓𝑟𝑝
𝐷

(5.2)

where 𝑓𝑓𝑟𝑝 and 𝑡𝑓𝑟𝑝 is the ultimate stress and thickness of FRP, respectively. 𝑘𝑒 is
the FRP efficiency factor taken as 0.586. 𝐷 is the diameter of the column for circular
columns. For square and rectangular columns, 𝐷 is calculated as:
D = √𝑏 2 + ℎ2

(5.3)

in which b and h are the width and height of the column, respectively.

For rectangular/square concrete columns, due to non-uniform confinement pressure,
the confinement efficiency is lower than that in the case of circular columns. A shape
factor was introduced by Lam & Teng (2003b) to account for the reduction in
confinement pressure. Therefore, Equations 5.1 is modified as:
′
𝑓𝑐𝑐
′
𝑓𝑐𝑜

𝑓

= 1 + 𝑘𝑠 𝑘1 𝑓′𝑙

𝑐𝑜

(5.4)

where 𝑘𝑠 is the shape factor calculated by
𝑏

𝐴

𝑘𝑠 = (ℎ)2 𝐴𝑒
𝑐

(5.5)

where Ae/Ac is the ratio of effective confinement area is illustrated by Figure 5.2 and
given by:
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Figure 5.2 Effectively confined area for square concrete columns

𝐴𝑒
𝐴𝑐

=

𝑏
ℎ
[ (ℎ−2𝑟)2 + (𝑏−2𝑟)2 ]
ℎ
𝑏
1−
−𝜌𝑠𝑐
3𝐴𝑔

1−𝜌𝑠𝑐

(5.5)

in which 𝜌𝑠𝑐 is the ratio of internal reinforcement, 𝐴𝑔 is the gross cross-sectional
area and r is the radius of the round corners.

Using the above strength model, the ultimate stress of the confined concrete column
can be calculated given the parameter of FRP. The ultimate stress of the unconfined
concrete can be determined by the compressive strength of 28 days cylinder tests of the
concrete.
5.2.2 Confinement model for steel straps confined concrete columns
For steel straps confined concrete columns, the confinement model proposed by
Mandel et al. (1988) can be used. The model was proposed for steel confinement
concrete columns with either helix or ties. Following similar approach, the model can
be used for steel straps confined concrete columns with small modifications. The
ultimate stress of the steel straps confined concrete columns can be calculated as:
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′
𝑓𝑐𝑐′ = 𝑓𝑐𝑜
(−1.254 + 2.254√1 +

7.94𝑓𝑙,𝑠
′
𝑓𝑐𝑜

𝑓

− 2 𝑓𝑙,𝑠
′ )
𝑐𝑜

(5.7)

where 𝑓𝑙,𝑠 is the confinement efficiency factor of steel straps, which is calculated
using:
𝑓𝑙,𝑠 = 𝑘𝑠𝑠

2𝑓𝑠 𝑡𝑠

(5.8)

𝐷

where 𝑓𝑠 and 𝑡𝑠 are the ultimate stress and the thickness of the steel straps,
respectively; D is the diameter of the column and 𝑘𝑠𝑠 is an efficiency factor for steel
straps confinement, which is calculated by:
𝐴𝑒

𝑘𝑠𝑠 = 𝐴 =
𝑐

(1−

𝑠 2
)
2𝐷

1−𝜌𝑠𝑐

(5.9)

in which 𝜌𝑠𝑐 is the ratio of internal reinforcement, s is the clear spacing of steel straps
and D is the diameter of the column, as illustrated in Figure 5.3.

Figure 5.3 Effective confinement area of steel straps confined columns
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5.3 Axial load (P) – bending moment (M) diagram
For unconfined concrete columns, the P – M diagram is usually plotted using four
points (Warner et al., 2007): (a) squash load, where the column is under pure
compression loading; (b) at a small eccentricity when the neutral axis is at the tensile
reinforcement so that the depth of the neutral axis equals the effective depth of the
colum; (c) balanced failure, when the compression strain in the concrete reaches 0.003
and the strain in the tensile reinforcement reaches the yield strain at the same time; (d)
pure bending, where the axial load of the column is zero.

However, for confined concrete columns, it is hard to determine the depth of neutral
axis at balanced failure, as the ratio of depth of the neutral axis to effective depth of the
column which is 0.545 for unconfined concrete is based on experiments on unconfined
concrete columns (AS3600, 2009). Meanwhile, in the presence of experimental data in
this study, it is of interest to compare the results from the experimental program
point-to-point with the theoretical study. Therefore, the P – M diagram in this study is
based on four points: (a) Squash load, when the bending moment equals zero; (b)
eccentricity e=15; (c) eccentricity e=25; (d) Pure bending, when the axial load equals
zero.

The P – M diagram is also generated under the following assumptions (AS3600, 2009):


Plain sections remain plane after deformation. That is, the strain at each point of
the cross-section is proportional to its distance from the neutral axis;



Perfect bonding exists between the longitudinal reinforcement and the concrete;



The tensile strength of the concrete is ignored while the ultimate compressive
strain of the concrete is 0.003;



The longitudinal reinforcing bars are elastic-perfect plastic;



The ties have no contribution on the strength of the column;



The plastic centroid of the cross-section coincides with the geometric centroid as
the section is symmetrical.
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5.3.1 Point A: Squash load
The squash load (𝑃𝑢 ) of the column can be calculated by adding the maximum force
provided by the steel reinforcement and concrete, and is calculated according to
Warner et al. (2007) as:
𝑃𝑢 = 𝛼1 𝑓𝑐′ (𝐴𝑔 − 𝐴𝑠 ) + 𝐴𝑠 𝑓𝑠𝑦

(5.10)

where 𝐴𝑠 and 𝑓𝑠𝑦 is the total area and yield strength of the longitudinal
reinforcement, respectively; 𝐴𝑔 is the gross area of concrete and 𝛼1 is a reduction
factor in accordance with AS 3600 (2009) which is calculated as:
𝛼1 = 1.0 − 0.003𝑓𝑐′ 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑙𝑖𝑚𝑖𝑡 0.72 ≤ 𝛼1 ≤ 0.85

(5.11)

𝑓𝑐′ is the compressive strength of the concrete which can be taken as the 28 day
′
cylinder strength (𝑓𝑐𝑜
) for unconfined concrete and 𝑓𝑐𝑐′ is the confined concrete

strength which is described in the previous sections.
5.3.2 Point B and C: 15 mm and 25 mm eccentricity
When a column is subjected to eccentric loading, some part of the cross-section is
under tension while other part is under compression. For square concrete columns, the
stress-strain relation under eccentric loading is given in Figure 5.4.

Figure 5.4 Stress & strain distribution of eccentric loaded column cross-section
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Therefore, the axial load can be calculated by (Warner et al, 2007):
𝑃 = 𝐶𝑐 + 𝐶𝑠 − 𝑇
𝑑

𝑀 = 𝐶𝑐 ( 2 −

𝛾𝑑𝑛
2

𝑑

(5.11)
𝑑

) + 𝐶𝑠 ( 2 − 𝑑0 ) − 𝑇 (𝑑 ′ − 2 )

(5.12)

where d is the total height of the column, dn is the depth of neutral axis, d0 is the
distance between the outmost compression fibre and the centre of compressive
reinforcement and d’ is the effective depth calculated as the distance between the
outmost compression fibre and the centre of tensile reinforcement.

Cc is the compressive load contributed by concrete. For square concrete columns, an
equivalent rectangular stress block is described in AS 3600 (2009). The equivalent
rectangular stress block has a width of 𝛼2 𝑏 and a height of γ𝑑𝑛 as shown in Figure
5.4. Therefore Cc can be given as:
𝐶𝑐 = 𝛼2 𝑓𝑐′ 𝑏𝛾𝑑𝑛

(5.13)

For circular columns, the shape of the compression zone is a segment of a circle as
demonstrated in Figure 5.5, which was proposed by Macgregor & Wight (2005).

Figure 5.5 Compression zones of circular columns under eccentric loading

In Figure 5.5, a is the depth of compression zone calculated by 𝛾𝑑𝑛 as in the case of
square columns. D is the diameter of the column and y is the distance between the
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centroid of the compression zone and the centroid of the column. The area of the
compression zone A and the moment of this area can be calculated using:
𝜃𝑟𝑎𝑑 −𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

𝐴 = 𝐷2 (

4
sin3 𝜃

𝐴𝑦 = 𝐷3 (

12

)

(5.14)

)

(5.15)

where 𝜃𝑟𝑎𝑑 is angle θ expressed in radius. The angle θ can be calculated using:
𝐷

−1 2

𝜃 = cos (

°

𝜃 = 180 − cos

−𝑎
𝐷
2

−1

(

𝐷

𝑓𝑜𝑟 𝑎 ≤ 2 , 𝜃 ≤ 90°

)

𝑎−
𝐷
2

𝐷
2

)

𝐷

𝑓𝑜𝑟 𝑎 > 2 , 𝜃 > 90°

(5.16)

(5.17)

Therefore, the compressive load Cc for circular columns can be calculated by:
𝐶𝑐 = 𝛼1 𝑓𝑐′ 𝐴

(5.18)

and the moment contributed by concrete is given as:
𝑀𝑐 = 𝛼1 𝑓𝑐′ 𝐴𝑦

(5.19)

where Ay can be calculated by Equations 5.15. Therefore, Equation 5.12 can be
rewritten as:
𝑑

𝑑

𝑀 = 𝑀𝑐 + 𝐶𝑠 ( 2 − 𝑑0 ) − 𝑇 (𝑑 ′ − 2 )

(5.20)

To calculate the compressive force in the compression reinforcement, the strain in the
steel can be calculated using the similar triangles as illustrated in Figure 5.3 as:
𝑑

𝜀𝑠𝑐 = 𝜀𝑢𝑙𝑡 (1 − 𝑑0 )
𝑛

(5.21)

where 𝜀𝑢𝑙𝑡 is the ultimate strain taken as 0.003 for unconfined columns or the rupture
strain of FRP or steel straps for FRP-confined columns or steel straps-confined
columns. The stress in the steel can be calculated as:
𝜎𝑠𝑐 = 𝐸𝑠 𝜀𝑠𝑐 𝜀𝑠𝑐 < 𝜀𝑠𝑦
{
𝜎𝑠𝑐 = 𝑓𝑠𝑦
𝜀𝑠𝑐 ≥ 𝜀𝑠𝑦

(5.22)

where 𝜀𝑠𝑦 , 𝑓𝑠𝑦 and 𝐸𝑠 are the yield strain, yield stress and the elastic modulus of
steel. Therefore the compression force in the compressive reinforcement can be
calculated as:
𝐶𝑠 = 𝜎𝑠𝑐 𝐴𝑠𝑐
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(5.23)

in which Asc is the area of compressive reinforcement. Similarly, the strain and stress in
the tension reinforcement can be calculated by:
𝑑′

𝜀𝑠𝑡 = 0.003 (𝑑 − 1)
𝑛

{

𝜎𝑠𝑡 = 𝐸𝑠 𝜀𝑠𝑡
𝜎𝑠𝑡 = 𝑓𝑠𝑦

𝜀𝑠𝑡 < 𝜀𝑠𝑦
𝜀𝑠𝑡 ≥ 𝜀𝑠𝑦

(5.24)
(5.25)

and therefore the tensile force in the steel is given as:
T = 𝜎𝑠𝑡 𝐴𝑠𝑡

(5.26)

where Ast is the area of tension reinforcement.

For a given eccentricity, it is difficult to determine the depth of neutral axis dn. Nawy
(2003) introduced a trial and error method to calculate the depth of neutral axis for a
given eccentricity. The process is given in Figure 5.6. Using the trial and error process,
the axial load and bending moment at any given eccentricity can be calculated.

Figure 5.6 Trial and error processes to calculate P and M for a specific eccentricity
(Nawy, 2003)
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5.3.3 Point D: pure bending
For columns under pure bending, the axial load equals zero. Therefore, a trial and error
process similar to the above chapter is used to find a specific depth of neutral axis dn
under which the axial load calculated using Equation 5.11 approaches zero. Then the
bending moment of the column under pure bending can be calculated using the specific
dn using Equation 5.12.

5.4 Validation with experimental results
Using the aforementioned theoretical model, the calculated axial load and bending
moment for each specimen is given in Table 5.1 and the theoretical P-M diagram is
given in Figure 5.7.

Table 5.1 Summary of theoretical results
Specimens

Ultimate Load

Bending Moment

(kN)

(kNm)

N-0

752.60

0

N-15

535.13

9.24

N-25

444.31

12.14

N-F

0

11.34

RF-0

1360.22

0

RF-15

771.81

19.60

RF-25

608.63

23.86

RF-F

0

14.04

CF-0

2571.29

0

CF-15

1310.02

52.04

CF-25

1195.12

57.52

CF-F

0

39.16

CS-0

1535.38

0

CS-15

1061.49

19.62

CS-25

929.13

26.12

CS-F

0

23.08
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Figure 5.7 Theoretical P-M diagram

It is evident that the theoretical P-M diagram exhibits same pattern compared to
experimental P-M diagram given in Figure 4.10. For better comparison, the theoretical
calculation is compared with experimental results separately for each group.

Figure 5.8 compares the theoretical value and experimental results for each group. For
Group N, the theoretical estimation of squash load and results under eccentric loading
are close but there is about 18% discrepancy of bending moment in the case of pure
bending. The reason for the discrepancy is mainly because the Specimen N-F in the
experiment failed by separation of the steel reinforcement and the concrete and as a
result, the specimen could not carry the bending moment properly. For Group RF,
conservative theoretical results were produced in the case of squash load and pure
bending, while for eccentric loading, the model generated larger results compared to
the experimental data. For Group CF, the theoretical results demonstrates good fit with
the experimental results and produced conservative data, except for Specimen CF-F
where the specimen was subjected to pure bending. Finally, the theoretical results
generated larger value for Group CS in all cases compared to experimental data. The
overestimation is mainly because the ultimate strain in the concrete is taken as the
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ultimate strain of the steel straps, which is not accurate if concrete cracked between
steel strap rings long before the rupture of steel straps. Further refinement of the model
is required to better simulate the behaviour of steel straps partially-confined concrete
columns. Nevertheless, the theoretical model predicted the overall trend of the P-M
behaviour of steel straps-confined concrete columns.

(a) Group N

(b) Group RF

(c) Group CF

(d) Group CS

Figure 5.8 Comparison of theoretical value and experimental results

5.5 Summary
Theoretical analysis on the P-M behaviour of both unconfined and confined concrete
columns was carried out in this chapter. The ultimate stress of FRP-confined and steel
straps confined concrete columns were first calculated using established formulas.
After that, a special process was introduced to calculate the axial load and bending
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moment for columns under concentric load, eccentric load with any eccentricity and
pure bending.

Calculated results were given and compared with the experimental data gathered in the
experimental program described in the previous chapters. The comparison showed that
the theoretical model generated precise and conservative prediction in most of the case
for unconfined columns and FRP-confined columns. For steel straps confined columns,
the model generated larger results than experimental data.

In general, the theoretical results demonstrated similar patterns in the P-M diagram and
simulated correct axial load –bending behaviour of specimens in all groups.
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Chapter 6 Discussion and Conclusion
6.1 General
Following the experimental program and theoretical study, conclusions are drawn in
this chapter. The effect of circularisation and the performance of steel straps are
discussed in terms of confinement efficiency, load carrying capacity and ductility. The
influence of eccentricity is also evaluated. Implications and findings of the research
and future directions are finally given.
6.2 Effect of circularisation
During the experimental programs, no debonding of segmental circular concrete covers
was found. Meanwhile, the cracking of the concrete covers and the original columns
appeared at the same time and developed with the same pattern. As illustrated in Figure
6.1, the concrete covers of Specimen CS-25 cracked with the same pattern as the
original core. This phenomenon proves that the bonding between the segmental
circular concrete covers and the original concrete columns is reliable.

Figure 6.1 Crack patterns of concrete covers and the original cores
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On the other hand, the theoretical value for unconfined circularised concrete columns
calculated using the following formula is:
P = 𝛼1 𝑓𝑐′ 𝐴𝑔 + 𝑓𝑦 𝐴𝑠

(6.1)

where 𝛼1 is calculated using Equations 5.11 which is 0.85 for 𝑓𝑐′ =28.61 MPa, Ag is
the cross-section area for circularised concrete columns which is 35281 mm2 with a
radius of 212 mm. Substituting these values to Equations 6.1 yields the theoretical
value for unconfined circularised concrete columns which is 1024 kN. The
experimental yield strength of Specimens CF-0 and CS-0 which are 1390.8 kN and
935.7 kN, respectively. The calculated theoretical value is close to the experimental
yield load, which indicates that the circularised concrete columns can be treated as
complete circular columns.
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Figure 6.2 Stress-strain relationships of Specimens RF-0 and CF-0

In order to evaluate the influence of the segmental circular concrete columns on the
confinement efficiency of FRP, it is of interest to ignore the contribution of segmental
circular concrete covers in load-carrying capacity for circularised columns. Therefore,
a stress-strain diagram for Specimens RF-0 and CF-0 is given in Figure 6.2. The stress
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was taken as the axial load divided by the cross-sectional area, and the strain was taken
as the axial deflection divided by the length of the columns. The peak stress of
Specimen CF-0 is higher than that of Specimen RF-0. Furthermore, the slope of the
post-yield curve of Specimen CF-0 is also higher than that of Specimen RF-0.
Therefore, it is clear that the confinement efficiency of CF-0 is higher than that of
RF-0, and the circularisation process is beneficial in increasing the confinement
efficiency of FRP.

Table 6.1 summarises the total cost associated to the circularisation process. The cost is
compared with the cost of original concrete columns. It can be seen that circularisation
is a labour intensive process with high labour cost. The total cost of circularisation
outweighs the cost of casting the original columns.

Table 6.1 Summary of cost associated with circularisation and column casting
Type of Cost (AU$)

Circularisation

Columns

Concrete

$108

$225

Formwork

$1360

$1250

Epoxy Mixture

$125

-

Casting

$60

$60

Curing

$150

$120

Grinding

$180

$60

Bonding

$240

-

$2,223

$1,715

Direct Material

Direct Labour ($30/h)

Total Cost
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6.3 Performance of steel straps confinement
For specimens in Group CS, higher ultimate load and ductility was witnessed
compared to specimens in Group N. With reference to Table 4.4, a 55% increase in
ultimate load for Specimen CS-0 was witnessed compared to Specimen N-0. However,
the increase in load-carrying capacity is mainly due to the increase of cross-sectional
area. Figure 6.3 illustrates the stress-strain relationships for Specimens N-0, CF-0 and
CS-0. It is evident that Specimen CS-0 exhibited similar ultimate axial stress compared
to Specimen N-0. This result suggests that steel strap confinement has little
contribution on the load-carrying capacity of the columns, which is mainly because
that the confinement pressure is relatively low compared to FRP confinement as steel
straps confinement in this study is not continuous. Nevertheless, steel straps

Axial Stress (MPa)

confinement increase the ductility of the columns.
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Figure 6.3 Stress-strain relationships for Specimens N-0, CF-0 and CS-0

As can be seen in Figure 6.3, the decrease in stress after peak is softened for Specimen
CS-0 compared to Specimen N-0, showing that the ductility of the former is higher
than the latter. The increase in ductility can also be confirmed by comparing the results
from Table 4.5, in which 34% increase in ductility can be observed for Specimen CS-0
compared to Specimen N-0.
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Despite the fact that steel straps confinement increases the ductility of the columns; the
performance of steel straps is inferior compared to FRP-confine specimens. The
confinement pressure of steel straps can be increased by reducing the clear space of
each straps and using steel straps with higher tensile strength, such as stainless steel
straps instead of galvanised steel straps. Considering that the construction process
using steel straps is simple and no curing procedure is required, steel straps
confinement can apply to most structures for ductility strengthening.

6.4 Influence of eccentricity
Tests results in Chapter 4 have already revealed that for both confined and unconfined
concrete columns, the ultimate load decreased with the increase of eccentricity. In
order to evaluate the effect of eccentricity among different groups, Figure 6.4 plots the
ultimate load against the eccentricity for each group. It is clear that for FRP-confined
columns in Groups RF and CF, the ultimate load dropped significantly with the
increase of eccentricity. A 56% drop in ultimate load was witnessed for Group RF with
an eccentricity of 15 mm, and a 49% decrease in ultimate load was found out for
Group CF in the same case. Nevertheless, a moderate and steady decrease in ultimate
load was witnessed for unconfined concrete columns and steel strap confined concrete
columns. The significant decrease in ultimate load for FRP-confined columns suggests
that the efficiency of FRP confinement is lower for eccentrically loaded columns than
concentrically loaded columns. Meanwhile, the failure mechanisms of the specimens
discussed in Chapter 5 confirmed this finding: CFRP-confined columns in Groups RF
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Figure 6.4 Ultimate load – Eccentricity diagram

and CF failed by cracking between rings of CFRP, no FRP rupture was witnessed for
Group RF and only one ring of FRP ruptured for Group CF. Therefore, for
FRP-confinement concrete columns, the effective of eccentricity on confinement
efficiency should be properly accounted for.

6.5 Conclusions
This study aimed to evaluate an approach to maximise the confinement efficiency of
FRP-confined square concrete columns: circularisation of square concrete columns
with segmental circular concrete covers. Meanwhile, the performance of steel straps
which was used as an alternative confining material was studied. Based on the
experimental program and theoretical study, the following conclusions can be drawn:
1.

Circularisation is proven to be effective to increase the ultimate load-carrying
capacity, as can be witnessed for Groups CF and CS. The enhancement can be
largely attributed to the increase of cross-sectional area. The bonding of segmental
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circular concrete covers and the original columns were reliable and the
shape-modified columns can be treated as complete circular columns.

2.

Segmental circular concrete covers can effectively increase the efficiency of FRP
confinement by reducing the stress concentration in the sharp corners. By
circularising the square concrete columns, the efficiency of FRP confinement can
be maximised. However, the ductility of the FRP-confined circularised columns is
lower than the circularised columns due to the fact that the ultimate load of the
FRP-confined circularised columns was too high compared to the load-carrying
capacity of the concrete.

3.

Steel strap confinement provides an alternative approach in strengthening the
columns by increasing ductility by a moderate amount. Although steel straps
confinement has little effect on load carrying capacity, it can be used for ductility
strengthening. Nevertheless, more investigation is required to evaluate the
confinement efficiency of steel straps. Corrosion issues of steel straps should also
be considered and addressed before the implementation of this technique.

4.

For concentric loaded columns, only columns in Group RF and CF provided
ascending post-peak branch showing strong confinement. Columns in Group CS
showed descending post-peak branch. This phenomenon indicates that steel straps
confinement is less effective than FRP confinement. The reason for the ineffective
confinement is mainly because the confinement was not continuous. For
eccentrically tests, all columns showed descending second branch and therefore
confinement is not effective in eccentrically loaded columns.

5.

The efficiency of FRP confinement can be increased by continuously wrapping of
FRP instead of wrapping it ring by ring. All eccentrically loaded FRP-confined
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columns in the experimental program demonstrated that cracking of concrete
between different FRP rings can be observed.

6.

Eccentricity decreases the ultimate load of the columns. Especially for
FRP-confined columns, where the load dropped over 50% for only 15 mm
eccentricity. Furthermore, FRP-confined columns produced significant lateral
displacement and therefore secondary moment is not negligible.

Finally, the idea of modifying the cross-sectional area from square to circular by
circularisation process is proved to be effective to maximise the load-carrying capacity
of FRP-confined concrete columns. The efficiency of FRP-confinement can also be
maximised compared to columns with round corners. This method can be considered
as an effective and efficient method in strengthening columns in existing buildings and
bridges.

6.6 Future research
Future studies on circularisation process are required as the current research on
shape-modification is limited. Further studies should incorporate concrete with
different strength to evaluate the bonding behaviour. For example, normal strength
concrete core with high strength segmental circular concrete covers. Furthermore, it is
also of interest to evaluate the influence of environmental factors and other
pre-existing factors on the bonding of segmental circular concrete covers. Possible
environmental factors may include temperature or humidity, while pre-existing factors
may include preloading or pre-damage. The bonding condition should be of primary
concern when circularising the column.

Following the same procedure, circularisation process can be applied to columns with
rectangular cross-section to generate eclipse cross-sections. Future studies could look
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at rectangular columns with different aspect ratio and evaluate the performance of
circularisation on theses cross-sections.

For steel straps confinement, it is of interest to evaluate ways to increase the
confinement pressure provided by steel straps. For example, reduce the clear spacing
of steel straps and use stronger steel straps with higher tensile strength than those used
in this study. Other confining materials are also to be incorporate in the experimental
programs as FRP is relatively expensive, and the use of fibre in civil constructions may
raise other issues such as health and safety.
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Appendix

The experimental results of each specimen during the experimental program are given
in the compact disk accompanied with the thesis.
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